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ABSTRACT 
The research described in this report is intended to provide a better understanding of how 
unsteady flows affect the entrainment of sediment into suspension. An extensive set of 
experimental data that demonstrates the response of sediment to unsteady flows was gathered in 
a special purpose facility. The data that were gathered include temporal distributions of 
sediment concentration, shear stress, and velocity for two types of flow conditions: tests where 
the flow was increased from rest to a peak velocity and was then held constant, and tests where 
the flow was accelerated from rest to a peak velocity and was then decelerated back to a no flow 
condition. An acoustic profiler was used to measure suspended sediment concentrations of two 
sizes of non-cohesive sediment, a coarse sand and a fine sand. Existing entrainment relations 
were verified with data that were gathered in steady flow conditions, and it was shown that the 
Garcia-Parker relation also works well for moderately unsteady flows. For unsteady flows a 
time lag is observed between the shear velocity and the entrainment. The time lag is larger for 
flows with lower Reynolds numbers since turbulence plays an important role in the entrainment 
process Experiments conducted with fine sediment had lower Reynolds numbers than 
experiments conducted with coarse sediment, and a larger time lag was observed between shear 
velocity and entrainment for the fine sediment. Existing entrainment relations did not need to be 
corrected when used to predict entrainment of coarse sand in unsteady flows, even for the highest 
accelerations observed However, corrections did improve entrainment predictions for all of the 
unsteady flou s tha t  had fine sediment. Two methods of correcting the Garcia-Parker relation for 
use with unstend~ flou s were explored. The first method correlates entrainment to the history of 
the shear stress The second method requires the calculation of time lag between entrainment 
and shear stresz The time lag is then used to estimate the current entrainment. Both methods 
revert to the Garcla-Parker relation as flow unsteadiness decreases. Observed entrainment 
characteristici \ \ere also applied to calculate the resuspension of sediment beneath a barge tow 
for a variety of flou and operating conditions. Calculations using existing and modified 
entrainment relations showed that for many unsteady flows, existing entrainment relations 
perform adequately, even if the sediment is fine. 
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INTRODUCTION 

1.1 Motivation 
Most sediment transport models include algorithms for computing suspended sediment 
concentration profiles, in which an equilibrium between upward turbulent difhsion of sediment 
and downward settling is considered. To compute the amount and vertical distribution of 
suspended sediment a reference concentration or an entrainment hnction is required. In the case 
of sediment resuspension due to the passage of barge tows, the nature of the associated flow field 
makes it quite difficult to formulate an appropriate flux boundary condition near the bed and thus 
to determine how much sediment will be incorporated into the water column. Barges generate 
turbulence by waves and by changes in the velocity profile due to water displacement. Towboats 
generate turbulence in the same manner as barges, as well as through the mixing action of the 
propellers. Hence the flow field resulting from the passage of vessels is unsteady, nonuniform, 
and highly turbulent. This makes the problem of determining the environmental impact of both 
commercial and recreational navigation quite difficult. 
Currently, there are two approaches that can be used to estimate entrainment rates in 
nonequilibrium flows. The first is to adapt any of the equilibrium formulations for entrainment 
by using the instantaneous grain shear stress instead of a mean turbulence-averaged grain shear 
stress. The assumption here is that the entrainment adjusts instantaneously to local changes in 
flow conditions. The second approach is to develop pick-up hnctions for unsteady flow 
conditions from direct observations of near-bed sediment fluxes in unsteady flows. However 
such field observations are not without difficulties, suggesting that controlled laboratory 
experiments might be necessary to obtain the information needed for testing existing sediment 
entrainment formulations and for developing new relationships that can be effectively used to 
assess navigation-induced sediment resuspension and its impact on aquatic life. 
Since sediment can not respond instantaneously to changes in flow velocity it is unlikely 
that steady relations can be universally applied to all flows. Consequently, as unsteadiness of the 
flow increases it is likely that relations developed for steady flows will produce increasingly poor 
results. Depending on the level of unsteadiness, it may or may not be necessary to use an 
entrainment relation that takes the flow unsteadiness into account. Of course, if such a relation is 
necessary it should also be applicable to the more specific case of steady flows. 
The primary motivation of the work presented in this report stems from the need to 
determine the amount of sediment entrained and transported by a passing barge tow. The 
passage of a barge tow can cause highly unsteady fluctuations in the bed shear stress and near- 
bed velocity of a river or harbor. The use of entrainment relations developed for steady flow 
conditions to calculate the resuspension of sediment during unsteady flow events may be 
inappropriate, and verification (and possibly modification) of the entrainment relations is 
necessary to ensure their applicability to the unsteady flow conditions. Consequently, the 
behavior of entrainment is analyzed herein for accelerations similar to those experienced during 
the actual passage of a tow. 
In addition to determining the amount of sediment entrained by barge traffic, there is an 
extensive number of situations in which sediment entrainment occurs under unsteady flow 
conditions. Examples include entrainment of sediment by wave motion, entrainment by boat 
wakes, entrainment in areas prone to vortex shedding (e.g., downstream of bridge piers), tidal 
flows, and entrainment of sediment by gusts of wind or turbulent eddies. 
Waves, though periodic, often cause significant sediment transport. Entrainment off the tips 
of bed-forms is significantly larger than entrainment from other parts of the bed (Nakato et al., 
1977). Bedforms typically washed out in uni-directional flows are oRen present underneath 
waves. Entrainment that occurs off the tips of bedforms is physically different from entrainment 
off of a smooth bed, and as such, should be modeled differently. The sediment transport that 
occurs is not always in the expected direction. In some combined wave-current flows sediment 
can actual 1 )  be transported against the current (Nielsen, 1988; Inman and Bowen, 1962). 
Areas in which vortex shedding occurs tend to have variations in the bed shear stress, 
causing variations in the amount of sediment entrained. Depending on the time scale of the 
vortices the c ha y e s  in entrainment can be classified as either highly unsteady or quasi-steady . 
I n  rivers. these \.onices could occur downstream of bridge piers, on the lee side of islands, or 
near the entrance of a tributary. 
E\~en sediment transport that occurs in steady flows has an unsteady aspect to it. Turbulence 
plays a major role in sediment transport. Garcia et al. (1 996) have demonstrated with flow 
visualizations how ejections interact with loose sediment, lifting sediment into the flow. In 
experiments presented in this report, suspended sediment is not homogeneously distributed 
throughout the flume but is observed to travel in structures similar to those described in flow 
visualization results. This observation is especially clear in the case of coarse sediment; coarse 
sediment falls back to the bed as soon as it becomes dissociated with the turbulence structure that 
entrained it. In essence, there is an overabundance of examples of suspended sediment transport 
by unsteady flow, and even the transport that occurs in time-invariant flows has an unsteady 
aspect to it. 
1.2 0bjectives 
All the sediment entrainment relationships available in the literature have been developed 
for steady, uniform flow conditions and levels of turbulence characteristic of open-channel 
flows. The ability of such relationships to estimate sediment entrainment rates for bed shear 
stresses and turbulence intensities induced by vessels has not been demonstrated nor has there 
been any attempt to develop entrainment fbnctions that work for nonequilibrium flow conditions. 
The need to determine the impact of navigation-induced sediment resuspension has motivated 
the research herein. Specific research objectives are as follows: 
a) To develop sediment entrainment functions that can be used to estimate sediment 
resuspension due to barge tow passage. 
b) To  conduct experiments on sediment resuspension by unsteady turbulent flows for a wide 
range of bed shear stresses representative of those induced by barge tows. 
c) To develop a methodology to account for flow unsteadiness when numerically modeling 
sediment resuspension with entrainment fbnctions driven by mean bed shear stresses. 
1.3 Description of Research 
To study bed sediment resuspension under a wide range of flow conditions a special facility 
was designed and constructed. A constant head tank connected to a duct with a rectangular cross 
section was used to investigate entrainment under both steady and unsteady flow conditions. A 
computer controlled valve at the downstream end of the duct determined the velocity in the duct. 
The bottom of the duct was composed of an erodible bed covered with sediment similar to that 
found in the bed of the Upper Mississippi River. The unsteady flow generated by the control 
valve made it possible to make observations of unsteady sediment resuspension. Sediment 
resuspension events having different bed shear stress magnitude and duration were observed. A 
control volume approach was used to determine sediment entrainment rates for different flow 
conditions. Suspended sediment concentration profiles were measured with an acoustic 
concentration profiler (ACP). The velocity inside the duct was characterized with the help of an 
acoustic doppler velocimeter (ADV), and wall shear stress was measured with hot-film shear 
stress sensors flush-mounted along the top of the channel. The shear stress probes were 
calibrated in situ by running a steady state flow. In the entrainment experiments, mean particle 
sizes were approximately 0.1 mm and 0.5 mm, typical of the bed material in the Upper 
Mississippi River. Natural sediment with a specific gravity of 2.65 was used for the -
experiments. 
Observations made in the experiments provide a unique set of data that can be used to 
develop sediment entrainment formulations. With regards to this, we followed an approach that 
has proven useful for the case of equilibrium open-channel flows (Garcia and Parker, 1991) and 
,oceanic turbidity currents (Garcia and Parker, 1993). The relationship sought for the sediment 
entrainment rate (Es) was one of the following form 
where u* is grain shear velocity at the bed obtained from the shear stress probes ,vs is the 
sediment fall velocity, and R, is a particle Reynolds number, where kpis a function of the 
sediment specific gravity s, the gravitational acceleration g, the mean particle size D,, and the 
kinematic viscosity of the water v. The shape of the fbnctional relationship implied by Equation 
1.1was found by plotting measured observed entrainment rates Es versus the similarity variable 
between brackets; and varying the value of the exponent n until the best collapse of the data was 
found. A methodology to include the effect of turbulence on entrainment rates was developed 
with the help of the bed shear stress measurements made in the physical model at WES (Garcia 
et al., 1998). 
1.4 Scope 
The hndamental objective of this report is to investigate the behavior of sediment 
entrainment when the sediment is subjected to various unsteady flows. The scope of the study 
has been limited to two sediment sizes and a number of unsteady flow conditions. Certainly, the 
range of possible sediment sizes and types and the number of possible unsteady flows is far 
greater than could be investigated in any individual project. 
With this in mind, an experimental flume was built that could be used to investigate 
entrainment in unsteady flows that had shear stress accelerations on the order of those induced 
by barge tows in a variety of flow and operating conditions. Shear stress acceleration (the 
derivative of bed shear stress with respect to time) is used to describe the barge flows instead of 
velocity acceleration since entrainment is more closely related to bed shear stress than to flow 
velocity. The accelerations possible in the experimental flume were limited so as not to damage 
the facility by water hammer. During the highest accelerations tested, slight deflections of the 
upper surface of the flume were observed. 
A model study of bed shear stresses beneath barge tows was performed by Garcia et al. 
(1  998) Spatial and temporal bed shear stress distributions were measured for a variety of flow 
and operating conditions. The shear stress distributions were scaled up to prototype magnitudes, 
and maximum shear stresses and shear stress accelerations were calculated. During some flow 
and operating conditions shear stress accelerations higher than 10 Pa/s were calculated for barge 
tous Hou ever. shear stress accelerations of 3 Pds  and less were more common. Shear stress 
accelerationz ohm-\ ed in the experimental flume ranged between 0.5 and 3 Pals. 
Some \ onlses and turbulence structures have accelerations much higher than can be 
observed ii~th t he current facility. In other words, the turbulence structures have much higher 
accelerations than can be imposed on the ensemble averaged flow velocity. However, 
entrainmen1 In t1i.i: 3 \ii t  h accelerations of this magnitude would not be very useful for analysis 
of typical tranqvn processes since there is a breakdown in turbulence structure at high 
frequencies and  t ilC turbulence structure is what drives the entrainment in most cases of interest. 
1.5 Background 
For fine-grained, dilute concentrations of sediment the Navier-Stokes equations and the 
sediment conservation equation describe the behavior of sediment entrained into a flow. These 
equations can be used in conjunction with the relevant boundary conditions to model the 
distribution of sediment in the flow field. For steady flows, sediment concentration can be used 
as a boundary condition at the bed. However, for developing flow conditions the flux of 
sediment must be specified since using a reference concentration does not account for sediment 
overloading and underloading (Parker, 1978). The necessity to specify sediment flux also holds 
for unsteady flows (Nielsen, 1 98 8). In order to specify sediment flux, the flux is divided into 
entrainment (some authors use the terminology pickup hnction instead of entrainment) and 
settling components. The settling component is easily determined from the fall velocity of the 
sediment, at least for coarser particles, but the entrainment is a hnction of both flow parameters 
and sediment characteristics. 
Many researchers, assuming quasi-steady flow, still apply a reference concentration at the 
bed. An exception is Davies (1995) who specified a time varying concentration at the bed. The 
concentration was given by Davies as a function of the bed shear stress and an appropriate phase 
lag. The specification of concentration will work in cases where the entrainment is the same as 
in steady flow cases and the area of interest is sufficiently downstream of any change in bed 
characteristics. However, as stated above, if the sediment concentration is not in equilibrium, or 
if the flow is too unsteady, the concentration boundary condition is inadequate. 
According to Clifford and French (1993), Soulsby et al. (1990) showed that the suspension 
of sand was closely related to turbulent ejections (u'<O and w'>O, where u' and w' are horizontal 
and vertical velocity fluctuations, respectively). In addition, Lapointe (1 992) conducted 
experiments on the Fraser river that showed that a large percentage (upwards of 60 percent) of 
the vertical miring of sediment occurs because of events that are active only 10 percent of the 
time. Interestingly, Thorne et al. (1989) observed that bedload transport of sediment is caused 
primarily by sweeps (uY>O,w'<O) and outward interactions (u'>O, wY>O). It is well known that 
sweeps and ejections are intermittent, but it is clear that the intense velocities and shear stresses 
associated with these events account for a majority of sediment transport. Since turbulent 
structures are intermittent, the sediment transport that occurs in conjunction with the structures 
must also be intermittent. 
The observations of bedload and suspended load indicate that the magnitudes of turbulent 
components of velocity and shear stress are important. Differences between bedload and 
suspended load indicate that direction of the components is important. Tying sediment transport 
to hrther developments in the understanding of turbulent structures requires an understanding of 
the reaction of sediment to both the magnitude and direction of unsteady fluctuations. Finally, it 
may be as important to understand how suspended sediment affects turbulence fluctuations as it 
is to understand how turbulence fluctuations affect sediment transport (Niiio and Garcia, 1 996; 
Garcia et al., 1995; 1996). 
1.6 Results 
The most important contributions of this work are believed to lie in the areas of entrainment 
prediction in quasi-steady flows, correction of entrainment calculations in unsteady flows, and 
the initial development of an understanding of the relationship between unsteady flows-and 
sediment entrainment. 
The experiments performed in this report also help to identify the boundaries of quasi-steady 
modeling. Depending on the desired accuracy, the level of unsteadiness at which entrainment 
calculations need to take flow unsteadiness into account can be determined. The boundary is 
dependent on both sediment size and turbulence conditions. 
The entrainment response of various sizes of sediment to different unsteady flows has been 
found to depend on multiple factors. Though more constrained by inertia, in some cases coarse 
particles become entrained more rapidly than fine particles for similar flow accelerations. This 
result is believed to be caused by boundary layer characteristics and turbulence levels. With 
ejections being the primary entrainment mechanism, the level of turbulence becomes an 
important factor in the entrainment of sediment. 
Coarser sediment sizes have a higher critical shear stress than finer sediments, and the levels 
of near-bed turbulence that correspond to the higher stress thresholds are also higher. 
Accordingly, the time delay between an increase in shear stress and an increase in entrainment 
can be less for coarse sediment than it is for fine sediment since the turbulence levels associated 
with the suspension process are generally higher for the coarse sediment. 
If no bedforms are present, wall conditions are smoother for fine sediment. If the sediment 
is fine enough it becomes immersed within the viscous sublayer. In order to entrain the fine 
sediment into suspension, turbulent structures have to penetrate the viscous sublayer. Coarser 
particles may be entrained more easily and more quickly since turbulent structures do not have to 
penetrate as deeply into the viscous sublayer in order to entrain the particles. 
1.7 Outline 
Following this introduction is a review of past research done in areas relevant to the 
unsteady sediment transport processes discussed in this report. The material reviewed includes 
sections on unsteady flows, sediment transport, and fall velocity characteristics. Following the 
literature review, information about the experimental equipment used to gather the data is 
provided. In the fourth chapter, methods for measuring and computing sediment entrainment in 
unsteady flows are developed. The fifth and sixth chapters discuss experimental results, 
including measurements in steady and unsteady flows with a moveable bed. In Chapter 7, the 
sediment transport models developed in Chapters 5 and 6 are applied to calculate sediment 
entrainment beneath a passing barge tow for a variety of flow conditions. And finally, in 
Chapter 8, a summary of the report is given. 
2. LITERATURE REVIEW 
2.1 Introduction 
The entrainment of sediment in unsteady flows depends on characteristics of the flow, 
characteristics of the sediment, and interactions between the flow and the sediment. This 
literature review attempts to address past research in these areas. 
First, the characteristics of unsteady flows are considered. Differences between turbulence 
in unsteady flows and steady flows are significant. For unsteady flows mean and fluctuating 
properties vary both in space and time. There is a time delay associated with the transport of 
turbulence properties from flow boundaries. For steady flows many of the properties also 
require transport time. However, since boundary conditions remain relatively constant the time 
delays are not apparent. Second, a review of the work done in sediment transport is given. An 
emphasis is placed on sediment entrainment since that is the focus of this report. Finally, past 
work regarding the interactions between the particles and the fluid is reviewed. 
2.2 Fluid Mechanics of Unsteady Flows 
A vast amount of research has been done to understand boundary layers in unsteady flows. 
There is a wide variety of unsteady flows, and the behavior of unsteady boundary layers is 
diverse. Discrepancies between the conclusions of different studies are not uncommon, but are 
often a result of flow differences. In this section unsteady boundary layer research is reviewed in 
preparation for dealing with unsteady transport of sediment. First, boundary layers in closed 
channel flows are investigated. Second boundary layers in open channel flows are studied. 
Finally, in the last two sections, shear stress and velocity distributions of unsteady flows are 
discussed. 
2.2.1 Boundary Layers in Unsteady Closed Channel Flows 
The majority of the research done on unsteady duct flows has been done on oscillatory or 
periodic flows for two reasons. First, a large share of the unsteady flows that are of interest are 
periodic. And second, periodic flows are easy to ensemble average, making them manageable in 
experiments. Fortunately, many of the results from periodic flows can be applied to non-periodic 
flows. 
Oscillatory flows are often characterized by the Strouhal number, S, where 
. . 
w is the angular frequency of the unsteadiness, L is a characteristic length of the flow, and U, is 
the inlet flow velocity. Using the definition of S given by Mankbadi and Mobark (1991), L is the 
duct height for a rectangular duct, and in a circular pipe L is the pipe diameter. The Strouhal 
number is a measure of the unsteadiness of the flow. For a steady flow the Strouhal number is 0, 
and as flow unsteadiness increases the Strouhal number also increases. Mankbadi and 
Mobark(l991) investigated oscillatory flows with Strouhal numbers between 0.2 and 5.0. They 
used a quasi-steady model to perform their analysis. The model was based on the ensemble 
averaged mass and momentum conservation equations, and the only assumption was that phase 
averaged turbulent quantities of unsteady flows could be modeled in the same way as time 
averaged quantities of steady flows. This approach works well for flows with limited 
unsteadiness characterized by both low frequency and low amplitude of oscillation. Mankbadi 
and Mobark also extended use of the k-Emodel to unsteady flows. 
hlankbadi and hlobark make several observations about unsteady boundary layers using 
their quasi-stead! flou model First, differences between the imposed periodic velocity and the 
actual ieloc~r> are s~gn~ficant only near flow boundaries. However, for smaller Strouhal 
numbers the  effects of the boundaries reach fbrther into the flow field. For the smallest Strouhal 
number modeled (S=O 2 ) boundary effects influence approximately 40 percent of the flow. For 
very high oscil iat Ions the flow field behaves almost like a solid body. Second, differences in 
phase angle are also apparent only near the wall. Peak flow velocity near the wall leads peak 
velocit!. at the center of the flow. This observation is related to the phase difference between 
wall shear stress and flon velocity. According to Mankbadi and Mobark's model, phase lag is 
approx~rnatel! ma\  I mum for a Strouhal number of 0.5. For larger and smaller Strouhal numbers 
the phase lag decreases with the possible exception of very near the wall. This characteristic 
appears to be sl~ghrl! dependent on the amplitude of flow velocity oscillation. Finally, for high 
Strouhal numbers oscillations in the turbulent kinetic energy are only significant near 
boundaries As Strouhal number decreases oscillations in the turbulent lanetic energy reach 
further into the flow field. 
The thickness of the boundary layer has implications on the observations of Mankbadi and 
Mobark (199 1). In general, as the boundary layer develops, effects of the boundary on velocity, 
phase angle, and turbulent kinetic energy reach hrther into the flow. 
Mankbadi and Liu (1992) show that for low frequency sinusoidal flows the velocity profile 
is the same as for the corresponding steady flow. Brereton et al. (1990) investigated boundary 
layers in unsteady duct flows with Strouhal numbers between 0.03 and 0.68 (these Strouhal 
numbers are based on a calculated boundary layer thickness and not the duct height). They 
found that time averaged quantities of a periodic flow with frequencies up to 2 Hz (S = 0.68) are 
the same as corresponding steady flow quantities. Quantities observed by Brereton et al. include 
velocity, turbulent intensity, and Reynolds stress. According to Mankbadi and Liu a quasi- 
steady approach can be taken for frequencies up to a critical frequency. The critical frequency 
corresponds to 1,' 1:10, where = is the ratio of the Stokes layer thickness to the near-wall-region 
viscous length scale, given by 
where v is the kinematic viscosity, and u, is the shear velocity. When 1,f is less than 10 normal 
turbulence structure is perturbed out of equilibrium near the wall. 
Although the time averaged vertical velocity profile may be similar for the low frequency 
unsteady flow and the steady flow, instantaneous quantities vary significantly, and quantities 
such as Reynolds stress and turbulence intensity are phase dependent. Mankbadi and Liu have 
observed that the wall shear stress leads the centerline velocity by a phase angle of up to 45 
degrees for high frequency periodic oscillations - this is due to the phase lead of the fluid 
velocity near the wall. 
Reynolds stress and turbulence intensity lag the centerline velocity. The minimum phase 
lag of the Reynolds stress occurs near the wall where Ky+<5. This is because production occurs 
near the wall The phase lag of the turbulence quantities increases with forcing frequency and 
distance from the wall. Using forcing frequencies between 0.5 and 3.6 Hz, Ramaprian and Tu 
(1 982, 1983) confirmed Mankbadi and Liu's phase lag observations. Strouhal numbers of the  
experiments performed by Ramaprian and Tu were 0.17 and 1.20. They show for pipe flows that 
turbulence quantities lag the average cross sectional velocity away from the wall, but are in 
phase with the average velocity at the wall. According to Ramaprian and Tu (1982) the phase 
lag of Reynolds stress increases with increasing oscillation frequencies. When the frequency of 
oscillation of the periodic flow approaches the frequency at which turbulent bursting occurs, the 
flow begins to interfere with the turbulence structure. At this critical frequency a breakdown in 
the normal production of turbulence is observed. It is likely that the highest frequency observed 
by Ramaprian and Tu surpasses the critical frequency (as they intended). Ramaprian and Tu also 
showed that production was suppressed during the accelerating portion of the flow. This is 
because the Reynolds stress and velocity gradient are out of phase during the acceleration. 
Consequently, the phase lag of turbulence parameters is due not only to the time required for 
transport of the turbulence, but also to the time lag in the actual production of the turbulence. 
Ramaprian and Tu (1 982) have suggested that the Strouhal number given by Equation 2.1 is 
not the best parameter for describing the unsteadiness of the flow. They show that if Equation 
2.1 is used a Reynolds number dependence is also implied. Instead, they suggest using a 
turbulent Stokes number to describe the nature of the flow unsteadiness. This new number is 
given by 
where 0,is the time-mean shear velocity. The use of the turbulent Stokes number helps to 
account for differences between laminar and turbulent periodic flows with the same frequencies 
of oscillation. Stokes numbers for the experiments of Ramaprian and Tu were 3.0 and 18.0. 
The wall shear stress did not lead the average flow velocity by much if at all for the tests run 
by Ramaprian and Tu (1 982 and 1983). However, since centerline velocity lagged the average 
cross sectional velocity the wall shear stress led the centerline velocity by phase angles between 
5 and 15 degrees for oscillation frequencies between 0.5 and 3.0 Hz (15 degrees for the lowest 
frequency oscillations). Furthermore, changes in the amplitude of oscillation for the lowest 
frequency tested did not affect the phase lead of the wall shear stress very much. Phase leads 
were still significantly lower than the 45 degree phase lead found by Mankbadi and Liu. Figure 
2.1 from Fredsse and Deigaard (1992) provides a possible explanation for the discrepancy. In 
Figure 2.1 the phase lead of the shear stress (41) is plotted against a wave Reynolds number. The 
wave Reynolds number is defined as 
Here UI, is the amplitude of the oscillatory wave and f is the frequency of the wave. 
Figure 2.1 Phase lead of wall shear stress as afunction of wave Reynolds number (afer Fredsae 
and Deigaard, 1992) 
The figure shows that for low Re the phase lead of the wall shear stress is 45 degrees, 
whereas the phase lead of the wall shear stress is on the order of 10 degrees for higher values of 
Re. Lines (i) and (ii) in Figure 2.1 show the phase lead of wall shear stress calculated for 
laminar and turbulent flows, respectively. The phase lead for turbulent flows was computed 
using the momentum integral method. When Re is computed for the experiments of Ramaprian 
and Tu, it falls in the upper part of the transition region. It should be noted that Fredsrae and 
Deigaard's analysis is done for a pure oscillatory wave and Ramaprian and Tu's experiments are 
not pure oscillatory flows, but oscillations imposed on a steady flow. Consequently, comparing 
Ramaprian and Tu's results to Figure 2.1 is somewhat suspect. 
Sleath ( 1  987) observed unsteady flows over rough beds and obtained results that were 
similar to those given above for smooth beds. In Sleath's experiments, only the bottom of his 
rectangular duct had artificial roughness. Sleath varied the bed roughness between 0.2 and 30 
mm: including roughnesses of 0.2, 1.63, 8.12, and 30 mm. For the 1.63 mm roughness the 
velocity at the bed led the velocity of the outer flow by up to 35'. The Reynolds stress had a 
phase lag of approximately zero at the bed, and the phase lag increased with distance from the 
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the small aspect ratio of his channel. At larger distances from the bed the turbulence properties 

were fairly constant and were unaffected by the oscillations of the flow. 

As frequency increases the region of the flow affected by oscillations in the turbulence 
quantities becomes more confined to the region near the wall. This causes the outer flow to 
behave as a "frozen field". 
Carr (1 98 1) gave a review of turbulent unsteady boundary layer studies performed prior to 
198 1. For the vast majority of the flows that he reviewed, properties of unsteady flows did not 
vary significantly from those of steady flows except very near boundaries. Behavior of the 
unsteady flow field in and around the Stokes layer (near boundaries) can be vastly different than 
steady flow behavior. Carr concluded that flow properties of the majority of the flow field can 
be modeled with sufficient accuracy even if unsteady effects in the Stokes layer are ignored. On 
the other hand, if properties near boundaries are of interest a relationship between flow behavior 
in the Stokes layer and behavior of the outer flow field must be found. There may be a 
significant phase difference between inner properties (e.g.,wall shear stress) and the outer flow 
field, and relating the two flow regions is not a simple task. Carr also states that the turbulence 
structure of the flow field is unaffected by the unsteadiness of the flow as long as the frequency 
remains below a critical value. This critical frequency is dependent on the nature of turbulent 
bursts, and is generally quite high. 
The results of Justesen (1988) support Carr's observations. Justesen used a two-equation 
turbulence model to predict ensemble averaged and turbulence quantities for unsteady flow over 
a rough bed. Justesen was able to accurately predict mean flow quantities, but had limited 
success with turbulence quantities, especially near boundaries. Near boundaries Justesen 
suggested that traditional treatment of boundaries does not work for unsteady flows, this is 
probably because of the phase difference imposed on the flow field by the unsteadiness. 
Hanj alic' and StoSic' (1 983) suggest that Carr (198 1) is correct when properties are averaged 
over a large number of cycles, but they also point out that the turbulence properties of the 
accelerating and decelerating portions of the flow may differ significantly. As an example, 
Hanjalic' and Stoiic' point to a paper by Anwar and Atkins (1980). In the paper by Anwar and 
Atkins a tidal flow is simulated. The flow has a frequency far less than the frequency of 
turbulence bursts (the critical frequency). However, a significant difference is noted between the 
Reynolds stresses observed in the accelerating and decelerating portions of the flow. Figures 2.2 
and 2.3 (pg 1282 of Anwar and Atkins) demonstrate some of the findings of Anwar and Atkins. 
In Figures 2.2 and 2.3, u'v' and .r are Reynolds stress, ii is the phase averaged velocity,ii, 
is the velocity near the free surface, y is height above the bed, D is the flow depth, and T is time. 
Note that r,i i ,  and T are not standard nomenclature in this report, but are used because they 
appear in the figures. These figures show a clear discrepancy between properties observed when 
flow velocity is increasing and decreasing. 
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Figure 2.2 Time variation of velocity and Reynolds stress for an unsteady flow with a 200 second 
period (after Anwar and Atkins, 1980) 
Figure 2.2 shonis that Reynolds stress lags the phase averaged velocity during flow 
acceleration so that the peak Reynolds stress occurs after peak velocity. Reynolds stress appears 
to react more rapidly in the decelerating region of the flow. Figure 2.3 shows the hysteresis of 
Reynolds stress when dimensionless Reynolds stress is plotted against dimensionless velocity. 
The hysteresis of Reynolds stress is shown for various heights above the bed. 
The discrepancy between the findings of Anwar and Atkins, and Carr is partly due to the 
higher frequencies described by C m .  In the experiments reviewed by Carr the t ime required to 
transport turbulence quantities is much larger than the period of oscillation; thus, in the center of 
the flow the measured turbulence quantities may have been an averaged combination of 
accelerating and decelerating contributions. For the experiments of Anwar and Atkins the 
accelerating and decelerating contributions have been separated because of the large period. 
Most of the unsteady flows that have been studied are oscillatory. A complete study of 
nonoscillatory flows might provide an explanation for the discrepancy between the results given 
by Carr and those given by Anwar and Atkins. 
Figure 2.3 Reynolds stresses plotted as a function of velocity demonstrating hysteresis of 
Reynolds stresses at various jlow depths. The upper plot is for a period of 200 seconds and the 
lower plot is for a period of 550 seconds (aJter Anwar and Atkins, 1980) 
Soulsby and Dyer (1981) make an interesting observation about the turbulence structure in 
an accelerating flow. They derive a relation that shows that the velocity gradient in an 
accelerating flow follows a law similar to the log-law. The difference between the two log-laws 
is that the law for accelerating flow does not utilize the current shear velocity, but the shear 
velocity from an earlier time. Thus, the velocity gradient at any given height does not reflect 
current production, but production at an earlier time. This observation also helps to explain the 
observations of Anwar and Atkins (1980). Since production occurs near boundaries it takes time 
for Reynolds stresses produced at the wall to be transported throughout the flow. During periods 
of acceleration turbulence properties take time to disperse and there is a time lag between the 
properties and the flow velocity. During periods of deceleration changes in turbulence properties 
are more dependent on dissipation, a characteristic of the entire flow field, and take less time to 
adjust. Consequently, there is a hysteresis of the turbulence properties that is dependent on 
whether the flow is accelerating or decelerating. 
2.2.2 Boundary Layers in Unsteady Open Channel Flows 
Song and Graf (1996) examined turbulence properties in unsteady open channel flows. The 
periods of the flows were on the order of one to two minutes for both studies. When Song and 
Graf compared the Reynolds stress for rising and falling branches of the flow it was found that 
for equivalent flow depths the Reynolds stress was generally higher in the rising branch. This 
does not necessarily conflict with results reported above. Because of the hysteresis of the stage- 
discharge relation for unsteady open channel flows, the velocity of the flow in the rising branch 
will be higher than the velocity in the falling branch for the same stage. In order to compare 
unstead,. open channel flows with the boundary layer results given above it might be more 
appropriate to give the phase of the Reynolds stresses relative to the phase of the velocity. Since 
Song and Graf compared Reynolds stress to stage instead of to velocity it is difficult to compare 
their results wi th  the results given above. 
Tu and Graf i 1992a) showed velocity profiles for an asymmetric water wave. For the 
hydrograph that 1-u  and Graf simulated, the peak velocity at the water surface arrived ahead of 
the peak \.i.locit! or the bed. Tu and Graf also showed that the bed shear stress leads the average 
velocit! . T LI 3 r d  C~ r ; l f( 1992b) showed that the peak Reynolds stress near the bed leads the peak 
Reynolds stri.2. ai 1 i - 1 ~surface. 
S e zu  i.1 dl : i found that the peak bed shear stress precedes the peak depth of the flow, 
and that the d i s ~ ~ n , cbetween the peaks increases with increased unsteadiness. The fact that peak 
bed shear stress precedes peak depth is consistent with the observations above, but again 
comparisons are limited because the phase of the stresses was compared with stage instead of 
with velocity. Nielsen (1992) showed how the shear stress led the free stream velocity phase 
angle by 45 degrees in laminar, oscillatory, free surface wave flows. 
2.2.3 Velocity Profiles in Unsteady Flows 
Several researchers have compared the log-law with mean velocity profiles in unsteady 
flows. Soulsby and Dyer (1981) examined accelerating flows and discovered that the velocity 
profile departed from the log-law during high accelerations. They pointed out that this departure 
is significant when shear stress or bed roughness is computed from the velocity profile. Soulsby 
and Dyer characterized acceleration effects with the time derivative of the shear velocity. They 
combined the derivative of the shear velocity with the shear velocity and elevation to get the 
dimensionless variable 
where A is a length scale related to the acceleration parameter, z is the height above the bed, and 
u, is the time derivative of the shear velocity. In the limiting case of steady flow 6, goes to zero. 
<, was implemented in the following form of the log-law for small accelerations: 
where, z, is the roughness length, K is the von Karman constant, and y is a constant. 
Ramaprian and Tu (1982) and Tu and Rarnaprian (1983) also showed that the log-law can 
not be trusted for the time-mean distribution or phase averaged velocity for oscillatory flow in 
pipes. Their study involved oscillation frequencies of 0.5 and 3.6 Hz. Nielsen (1992) showed 
velocity profiles for oscillatory wave flows; the profiles had a significant departure from the log- 
law, especially near the free surface. 
2.2.1 Wall Shear Stress in Unsteady Flows 
Shuy (1 996) examined the effect of acceleration on wall shear stress for pipe flows. Shuy 
directly measured shear stress with a dynamometer for flows with different accelerations and 
decelerations. Shuy found that wall shear stress was lower than quasi-steady estimations for 
accelerating flows and higher than quasi-steady estimations for decelerating flows. For unsteady 
shear stress he gave the relation 
In which r, is the unsteady shear stress, T, is the estimated quasi-steady shear stress, R is the 
pipe radius, p is the density, V is the mean cross-sectional velocity, and kc is an empirical 
constant. In Shuy's experiments an average value of -0.52 was given for kc. However, Shuy's 
results indicated that kcwas not a constant and varied between 0 and -1.4 for different flow 
accelerations. In addition, kc seemed to be most strongly negative for small flow accelerations. 
This indicates that the term added to the quasi-steady shear stress in Equation 2.7 may be 
significant even for low accelerations. 0,the acceleration parameter, is defined by 
where D, is the pipe diameter and f, is the quasi-steady friction factor. Shuy estimated that the 
quasi-steady approximation is valid for values of CD between -0.2 and 0.3. A more conservative 
estimate, based on the maximum values of kc found in Shuy's figures would allow the quasi- 
steady approximation for values of @ between -0.1 and 0.07. 
In a discussion of Shuy's paper, Vardy and Brown (1997) used the eddy viscosity concept to 
describe some of the results of Shuy's experiments. Vardy and Brown deduced that for 
accelerating flows either the eddy viscosity or the velocity gradient at the wall must decrease 
since the wall shear stress decreases. They also suggested that the eddy viscosity is probably 
lower for accelerating flows based on observations of laminar-turbulent transition flows (the 
transition occurs at much higher Reynolds numbers for accelerating flows than for quasi-steady 
flows). Thus, the acceleration of the flow is in some way suppressing turbulent transport. 
Reynolds stresses measured in the boundary layer are significantly lower for accelerating flows 
than for decelerating flows, indicating possible suppression of turbulence. 
Based on observations in section 2.2.1 the differences in Reynolds stresses for accelerating 
and decelerating flows may also be a result of the time lag between production and transport to 
the outer layer. This is also a possible explanation of the reduced Reynolds stress values. 
However. the suppressed turbulence idea is appealing since it adequately describes both the 
decreased Reynolds stresses and the decreased wall shear stresses. 
2.2.5 Shear Stress in Asymmetric Periodic Flows 
Figure 2.4 from Nielsen (1992) gives a comparison of the velocity and bed shear stress for 
an entire cycle of an asymmetric waveform. Scales were not provided by Nielsen, but the 
relation between bed shear stress and outer velocity is shown qualitatively by the figure. 
Figzlr-r 2.i I br-iation of bed shear stress and velocity below an oscillatory wave (Nielsen, 1992) 
Figure 2.1 \\.as made from data gathered by King (1991) who carried out a set of 
experiments ( See Sielsen,1992 for discussion) where bedload was observed beneath waves with 
as)~mmetric doc ir! characteristics. In King's experiments the acceleration of the wave was 
much higher in  thc  hhorsm-ard direction than in the seaward direction. This resulted in a net 
transport of scdimcnt to~vard the shore. Note that high accelerations result in higher peak bed 
shear stresses thzr: I O U  accelerations (shown on the negative side of the cycle). 
2.2.6 Summar? of Research on Unsteady Boundary Layers 
Characterization of unsteady flows is difficult since there are a large number of parameters 
that cannot be ignored. For periodic unsteady flows important parameters include frequency, 
amplitude, offset, and boundary layer thickness. Several dimensionless numbers were endorsed 
by research described in this literature review. Mankbadi and Mobark (1 991) recommended 
using the Strouhal number given by Equation 2.1, Ramaprian and Tu (1 982) recommended using 
the turbulent Stokes number given by Equation 2.3, and Freds~e and Deigaard (1992) 
recommended using the wave Reynolds number given by Equation 2.4. The importance of each 
of these numbers is dependent on the problem being studied. 
In unsteady periodic flows, phase differences were observed between turbulence properties, 
velocities, and shear stresses. For laminar periodic flows shear stress was observed to lead the 
velocity by 45 degrees; this was observed both theoretically and experimentally. Some 
researchers, including Fredsae and Deigaard (1992), demonstrated that the phase lead decreased 
with increasing Reynolds numbers. At high Reynolds numbers the phase lead appeared to 
approach the phase lead predicted by the momentum integral equation. Near the wall, turbulence 
properties were observed to have a phase lag behind the mean velocity. The phase lag of the 
turbulence properties increased with distance from the wall. Clearly, time is required for the 
transport of turbulence properties. 
The turbulence structure of unsteady periodic flows does not appear to differ from that of 
steady flo\\.s unless the frequency of the unsteady flow approaches a critical frequency. The 
critical frrquenc! is quite high, and in most unsteady flows it is unlikely that the turbulence 
structure obssri-ed \\.ill  be different than in steady flows. 
Veloci t!. profiles of unsteady flows were different from those observed in steady flows. 
Differences hstii sen the \;elocity profiles of steady and unsteady flows were attributed to the 
phase lag of turbulcnse properties. Corrections for velocity profiles in unsteady flows have been 
suggested h! Suulzh! and Dyer (1981). 
2.3 Review of Scdinlcn t Transport Work 
A revie\\ of past and current work in sediment transport is given in this section. A review of 
the go~erning c.qu;lrions is given first. Then past research in sediment transport is discussed for 
the cases of equi l ibriurn. disequilibrium, and unsteady flows. 
2.3.1 Governing Equations 
Turbulent fluid mechanics in the most general case is extremely complex. Finding an exact 
solution to some of the simplest turbulence problems is not practical using the fastest computers 
currently available. The addition of sediment to the flow (as a suspension) only complicates the 
problem. In order to solve suspended sediment problems a number of assumptions must be 
made. Starting with the conservation relations given by Equations 2.9 through 2.1 1 (from Rodi, 
1984), the necessary assumptions are explored. The relations include the conservation of mass, 
momentum, and species, respectively. 
ui is the instantaneous velocity component in the direction xi, P is instantaneous static 
pressure (Note: Rodi, 1984, says that P is the difference between static pressure and hydrostatic 
pressure at reference density p,), c is species concentration, S, is a volumetric source term, v is 
the molecular kinematic viscosity, and h is the diffusivity of the species concentration. 
Equations 2.9 through 2.11 can be used to describe any incompressible flow, but are 
difficult to solve. If the flow is unsteady, u, P, and c can be separated into mean, organized 
unsteady, and turbulent components. 
In which overbars indicate time averaged mean components, tildes indicate organized unsteady 
(ensemble averaged) components, and primes indicate randomly fluctuating turbulent 
components. When the separated terms are introduced into Equations 2.9-2.11 the resulting 
species conservation equation is given by Equation 2.12. 
Equation 2.12 is the focus of this research. In particular, the species conservation equation 
will be used to describe the motion of suspended sediment. The source term in Equation 2.12 
can be neglected since there is not a source or sink of suspended sediment within any of the 
flows being studied. 
For suspended sediment, two assumptions simplify Equation 2.12. First of all, if the 
suspended sediment being modeled is coarse enough (coarser than clays), it does not behave 
exactly like a solution (no Brownian motion). Consequently, the molecular diffusive term, 
a-
A.7,can be neglected since the suspended sediment is relatively large. Secondly, if the 
mi 
sediment is not too large it follows the motion of the fluid except for a constant fall velocity in 
the downward direction. A good discussion of the second assumption is given by Garcia (1995) 
in his course notes, and the issue is addressed further in Section 2.4. The constant fall velocity 
assumption results in an additional sediment velocity component in the vertical direction. 
Eliminating the source tern  and the molecular diffusive term from Equati6n 2.12 and adding the 
constant fall velocity component to the vertical direction yields 
in which v, is the terminal fall velocity of the suspended sediment, and 6 ,  is a Kronecker delta (1 
if i = j, 0 if i + j). It has been assumed that the vertical direction is indicated by the third index. 
Equation 2.13 is the final form of the unsteady suspended sediment conservation equation. The 
equation shows that the concentration at a point changes over time due to advection, settling, 
turbulent transport, and transport caused by organized unsteady motion. 
-
In the case of quasi-steady turbulent flows G iZ is approximately zero and Equation 2.14 
describes the behavior of the suspended sediment. Equation 2.14 is the quasi-steady suspended 
sediment conservation equation. 
u:cl is the Reynolds flux of suspended sediment. This term is often modeled using the turbulent 
eddy diffusivity concept shown in Equation 2.15. 
where Es,i is the i' component of suspended sediment diffusivity. 
2.3.2 Entrainment Relations . . 
Sediment entrainment and deposition occur at the interface between the sediment bed and 
the flow region. The boundary condition at the interface must adequately describe the net 
amount of deposition or erosion. Deposition can occur either by gravitational settling (at a rate 
equal to the concentration multiplied by the sediment fall velocity) or by the downward Reynolds 
flux of sediment. Entrainment can only occur by the upwards Reynolds flux of sediment. 
Equation 2.14 can be rewritten in the following form: 
aE
-+- aFi =0 
at axi 

These equations, given by Garcia and Parker (1 99 I), define the quantity Fi, the volume flux 
vector of suspended sediment averaged over turbulence. Most entrainment relations have been 
defined with the use of 2.16a and 2.16b. Very near the bed, at some location a, ii, will be 
negligible. This property can be used with the vertical component of F to obtain 
(isa 0 represents deposition of sediment at the bed and (u;cl] represents both c)! 

a 
entrainment and deposition. Parker (1978) showed that (ujc'] can be replaced with a 
a 
dimensionless entrainment variable multiplied by the sediment fall velocity, ESvs. Substituting 
ESx.Sinto Equalion 2.17 yields 
F: = \ , ( - F + E , ] ~  (2.1 8) 
For f101i.s \ihere concentration profiles are in equilibrium the averaged volume fluxes of 
suspended ssdimenr \ \ . i l l  be zero in all directions. So for equilibrium situations Equation 2.1 8 
yields 
F: = \ . ( - 2 - E s ) / a = 0  (2.19) 
Thus. when rhs concentration profile is in equilibrium, the concentration E at a is equal to 
the dimensionless entrainment rate Es. The near bed concentration ( E  at a) can be measured or 
parametrically estimated to get an estimate of Es. 
A compendium of equations for computing the near bed concentration is given in Table 2.1. 
Among the equations listed in Table 2.1 are equations by Einstein (1 950), Engelund and Fredsoe 
(1976) and (1 982), Smith and McLean (1977), Itakura and Kishi (1 980), van Rijn (1 984), Celik 
and Rodi (1 984), Akiyama and Fukushima (1986), Garcia and Parker (1 99 I), and Zyserrnan and 
Fredsoe (1 994). 
In Table 2.1 c,, is the concentration at the specified reference height a, q, is the 
dimensionless sediment load, T,* is the dimensionless shear stress caused by skin friction drag, 
D,is the median grain diameter, R is the submerged specific gravity of the sediment, T,* is the 
dimensionless critical shear stress for incipient motion, k, is bed roughness, u, is the shear 
velocity, u; is the shear velocity due to skin friction, r*is the dimensionless shear stress, H is 
water depth, Ab is bedform height, U, is the velocity in the channel averaged over the depth, &, 
is the particle Reynolds number, Rbis the hydraulic radius with respect to the bed, and s is the 
relative density of the sediment. Additional parameters are defined within the table. 
Garcia and Parker (1 99 1) have compared all of the relations given in Table 2.1 (except for 
Zyserman and Fredsoe) and found that the Smith and McLean, van Rijn, and Garcia and Parker 
relations performed the best. These three relations are used more extensively later in this report. 
The relations are strictly empirical, and they all use measurements of shear stress and particle 
characteristics to estimate entrainment or near-bed concentration. The denominator of the first 
Garcia-Parker relation listed limits entrainment to values of 0.3 or less (the suggested maximum 
entrainment of Engelund and Fredsoe, 1976). The form of the Garcia-Parker relation used herein 
is: E, = A-z,'. 
The relations shown in Table 2.1 utilize one of two methods to compute sediment erosion 
rate. The first method is to specify the concentration of sediment at a certain height above the 
bed. For steady, equilibrium flows the entrainment and deposition are both equal so specifying 
concentration near the bed yields a valid boundary condition. The second method is to specify 
the flux of sediment entrained into the flow (Pick-up functions). Both the concentration and 
entrainment methods usually use some forrn of shear stress as the independent variable. 

2.3.3 Disequilibrium Flows 
Equation 2.19 is not applicable for disequilibrium suspensions since the net volume flux of 
sediment away from the bed is nonzero. Consequently, Equation 2.18 must be used to predict 
the net upward flux of sediment in disequilibrium flows. There have been few studies of 
entrainment in disequilibrium flows, and it is common to assume that the equilibrium estimate of 
entrainment is valid for disequilibrium flows. The equilibrium estimate of entrainment can be 
used in Equation 2.18 to compute the near-bed sediment flux. This procedure is discussed by 
Celik and Rodi (1 984); van Rijn (1 986), and Garcia and Parker (1 99 1). 
Van Rijn's model allows the specification of either the entrainment or the near-bed 
concentration as a bed boundary condition. If the development region is relatively shoit 
compared to the area of interest, specifying the near-bed concentration as a boundary condition 
may give good results. However, it is not entirely appropriate to use near-bed concentration as a 
boundary condition since Equation 2.19 is not valid for disequilibrium flows. 
Celik and Rodi (1 984) use Equation 2.18. They set the entrainment equal to a computed 
value of the equilibrium concentration when the bed is not starved (there is a layer of sediment 
deposited on the bed), and to the instantaneous deposition when the bed is starved (the bed has 
no loose sediment). Any equilibrium formula of the reference concentration can be used to 
compute the entrainment. Deposition is computed using the actual concentration multiplied by 
the fall velocity. 
Similar1y, Garcia and Parker(l99 1) suggest that entrainment functions developed for 
equilibrium suspensions can be used to predict the behavior of mild disequilibrium suspensions. 
No indication is made of how mild the disequilibrium must be. 
Ideally. the effect of the disequilibrium on the entrainment function should be investigated. 
However, experimentally measuring the entrainment rate is more difficult for disequilibrium 
flows than for equilibrium flows. Deposition can still be estimated if concentration is measured 
near the bed, but since the net volume flux of sediment is nonzero for disequilibrium flows, 
additional measurements are required to estimate the entrainment rate. In order to determine the 
entrainment rate concentration profiles must be measured at multiple locations. Using mass 
conservation, the net volume flux of sediment from the bed can be estimated and the entrainment 
rate can be back calculated using Equation 2.18. 
2.3.4 Unsteady Flows 
Nielsen (1 992) compared concentration and pick-up hnction (entrainment) boundary 
conditions and found that the pick-up function works better for unsteady flows. For situations in 
which the shear stress is zero, the concentration function will specify a concentration of zero; 
often this is not the case since sediment takes time to settle out of suspension. The pick-up 
function only specifies entrainment, not concentration. So if the shear stress is zero the 
entrainment can be zero, but the concentration above the bed can be non-zero. 
For unsteady sediment transport (in addition to the unsteadiness introduced by turbulence) 
an additional term, (F),may be necessary in Equation 2.17. If the flow is unsteady enough 
this terrn must be represented in the entrainment function along with the Reynolds transport 
term. The entrainment function needs to account for the periodic unsteadiness of the flow as 
well as the turbulent unsteadiness. Studying the effects of organized unsteady flows on the 
entrainment function has an advantage over studying the effects of different levels of turbulence 
because organized unsteady flows are more easily controlled and characterized. 
There has been some work done on unsteady sediment transport, mainly dealing with wave 
and wave-current suspensions. According to Davies (1995) most time varying suspended 
sediment models, like disequilibrium models, utilize entrainment functions developed for steady, 
uniform flows. Based on a quasi-steady assumption, entrainment functions are used with 
instantaneous measurements of the shear stress to compute sediment loads. Jaffe et al. (1994) 
suggested that a time history of velocities provides a better prediction of sediment suspension 
than instantaneous velocities, though their concentration measurements were at a height of 19 cm 
above the bed. Closer to the bed, velocity time history is probably less important, but duration of 
events acting on the sediment may be significant if the sediment response time is slow. 
Williams et a1 . (1989) found that existing bedload formulas adequately predicted the 
bedload transport in a tidal channel. However, when the formulas were applied using 
instantaneous (instead of mean) shear stress measurements the forrnulas grossly overestimated 
the bedload. Clearly, the bedload forrnulas were meant to be used with mean and not fluctuating 
flow variables. The observations by Williams et al. (1989) demonstrate that existing bedload 
equations assume some amount of time averaging of flow variables, and can not be applied to 
highly unsteady flows. Similar reasoning can be applied to suspended load formulas if the flows 
are too unsteady. 
Because existing formulas are based on mean flow variables they do not take turbulence 
levels into account. Turbulence plays a significant role in sediment entrainment. The time 
averaged shear stress on the sediment bed beneath an oscillating grid is zero, and yet sediment is 
entrained into suspension by the grid (Rouse, 193 8). 
Leeuwenstein and Wind (1 984) suggested that the fluctuating nature of the bed shear stress 
is important for computing bedload transport of sediment. Rather than just comparing the mean 
shear stress to the critical shear stress in order to determine the bedload, they suggested utilizing 
a stochastic representation of the shear stress to determine bedload. Not only is the mean value 
of the shear stress important, but turbulent fluctuations of the shear stress as well. 
Leeuwenstein and Wind (1984) used the mean shear stress and the Meyer-Peter Muller 
bedload formula to compute a reference bedload. The reference bedload was multiplied by an 
amplification factor, A, in order to determine the actual bedload for different combinations of 
mean and fluctuating shear stresses. The variable A was computed as a function of the ratio of 
the mean shear stress to the critical shear stress, P, and the ratio of the turbulence intensity to a 
reference value of the turbulence intensity, ah,. 
Matsusaka and Hiroaki (1996) observed the reentrainment rate of a fine powder in an air 
flow. They made observations for both steady and unsteady flows. The flows had air velocities 
between 0 and 40 m/s, and constant accelerations of 0.0 1, 0.1 and 0.6 m / s 2  were tested. 
Matsusaka and Hiroaki observed that the critical velocity of incipient motion decreases with 
increasing acceleration. and that reentrainment flux increases with acceleration. They also noted 
a reentrainnlent ume delay that they attribute to temporal and spatial variation of turbulence 
structure Thc stud! of Matsusaka and Hiroaki was done for fine cohesive particles, and a time 
delay as incorporated into their calculations. 
Horika~i3 er a1 I 1982) examined unsteady sediment transport in a closed channel for 
sinusoidal \i a \  !;mi 5 with periods between 2 and 6 seconds. They found that the sediment 
concentration near : t ~ chcd was in phase with the mean flow velocity for higher frequencies, but 
as the frequencleh \\ cre loivered they observed that the peak sediment concentration tended to 
lead the mean flow \.elocity. It is interesting to compute the Reynolds number given by Fredsae 
and Deigaard for the flows given by Horikawa et al. It turns out that as the Reynolds number 
decreases the phase lead of the sediment concentration increases. This phase lead of the 
sediment concentration is directly related to the phase lead of the shear stress shown in Figure 
2.1. In addition, Horikawa et al. have noted that the phase of peak sediment concentration at a 
distance above the bed lags the phase of peak sediment concentration at the bed. And at some 
point away from the bed the peak sediment concentration begins to lag the mean flow velocity. 
2.3.5 Turbulence and Sediment Transport 
Bagnold (1 966) showed that transport of sediment as a suspension is dependent on 
turbulence. More specifically, Bagnold hypothesized that the suspension process requires the 
distribution of vertical velocity fluctuations to be skewed in order to counter the fall velocity of 
the sediment. A number of researchers have investigated the validity of Bagnold's hypothesis, 
including Leeder (1 983) and Wei and Willmarth (1 99 1). Both Leeder (1983) and Wei -and 
Willmarth (199 1) attempted to quantify the upward momentum flux due to asymmetric 
fluctuations of the vertical velocity. The resulting quantification supports Bagnold's theory of a 
skewed velocity distribution. 
Kline et al. (1967), in a historic paper, first demonstrated the important role of coherent 
structures in the dynamics of turbulence (Garcia et al., 1995). Coherent structures also play a 
major role in the transport of sediment (Nezu and Nakagawa, 1993). Large scale turbulence 
structures have a predominant effect on suspended sediment transport, first because the smaller 
scales tend towards isotropy, and second because a particle's inertia limits its response to lower 
frequency fluctuations. However, the smaller the particle size, the more responsive the particles 
become to higher frequency turbulence fluctuations. 
Evidence of suspended sediment transport by coherent structures can be directly observed, 
especially for coarse sediment where the sediment only remains suspended while it is being 
influenced by a large structure. Using a high speed video camera, Garcia et al. (1995, 1996) and 
Nifio and Garcia (1  996) showed how tracer and loose sediment particles could be entrained by a 
turbulent ejection and carried into suspension. 
The large structures also provide the primary mechanism for the initial entrainment of the 
sediment. Sutherland (1 967) used dye injections within the viscous sublayer to show how 
turbulent bursts actually penetrate the sublayer to entrain sediment into the flow. The bursts that 
penetrate the sublayer directly influence sand grains on the bed. Sutherland also cites a paper by 
Vanoni (1 964) as evidence that the bursts penetrate the viscous sublayer. In Vanoni's 
experiments the thickness of the viscous sublayer was between 7 and 50 grain diameters but 
sediment was still entrained. Sutherland conjectured that the sediment could be entrained only if 
turbulent bursts penetrated the sublayer and impinged directly on the sand grains. 
Some of the experiments reported by Sutherland utilized a jet norrnal to the sand bed to 
produce turbulent vortices. When the vortices produced reached the bed they rotated such that 
the part of each vortex nearest the bed rotated in the direction of propagation of the vortex. 
Sumer and Oguz (1978) looked at the motion of a single particle influenced by the passage of a 
coherent structure. They noted that in a turbulent wall bounded flow the part of the vortex 
nearest the bed rotates in the opposite direction as the direction of vortex propagation. While 
Sutherland cited drag as the reason for entrainment of the particle, Surner and Oguz indicated 
that a local temporary adverse pressure gradient is the reason for entrainmknt. 
Sumer and Deigaard (1 98 1) and Nifio and Garcia (1996) noted that particles appear to be 
lifted from the bed by the same mechanism whether the bed is rough or smooth. This is probably 
related to the observations that turbulence structure is similar above both smooth and rough 
boundaries (Grass, 1971). According to Grass, a universal ejection-type momentum transport 
mechanism is likely. Sumer and Deigaard also noticed that particles fall out of suspension as the 
coherent structure weakens and get swept into regions of low speed fluid (or streaks). Nifio and 
Garcia (1996) also observed the tendency for particles to gather along streaks with the exception 
of larger particles. 
As a final note on turbulent structures, Grass (1983) has noted that instantaneous bed shear 
stress and the critical shear stress of particles on the bed are generally not equal to their mean 
values. The instantaneous bed shear stress is part of a distribution of shear stresses whose 
average is the mean bed shear stress. Similarly, the critical shear stresses of particles on the bed 
vary depending on the location of the particles and their size and shape. Consequently, particles 
with low critical shear stress are likely to be the first to become entrained, and this will happen 
when the highest instantaneous shear stresses occur. Furtherrnore, the highest instantaneous 
shear stresses occur during the passage of a coherent structure. Rodriguez (1998) used 
probability density functions of the shear stress to estimate total entrainment. 
2.3.6 Effects of Suspensions on Turbulence Characteristics 
The effects that suspensions of sediment have on turbulence characteristics of a flow are not 
well understood. As discussed by Kulick et al. (1994), there is a large number of parameters that 
affect the turbulence properties of a suspension, and determining the influence of each parameter 
is not trivial. Kulick et al. studied airborne suspensions of 50 pm, 70 pm, and 90 pm spheres. 
The 50 pm and 90 pm spheres were glass, and the 70 pm spheres were copper. All of the 
spheres had diameters smaller than the Kolmogorov length scale. Mass loadings of up to 80 
percent (mass loading is defined as the ratio of particle mass flux to fluid mass flux) were studied 
in a flow with a Reynolds number of 13,800. Kulick et al. defined a Stokes number to classify 
the effects of different particle types. The Stokes number used was the ratio of the particle 
relaxation time (time required for a particle to reach 63 percent of its terminal velocity in an 
unbounded flow) and a turbulence time scale (WE at the centerline of the channel). 
Kulick et al. found that the presence of particles tends to flatten out the mean velocity 
distribution. Particles are exchanged between the inner and outer layers of the flow. Since the 
particles have more inertia than packets of fluid, they can carry more momentum with them, thus 
increasing the near-wall velocity gradient. Kulick et al. also found that the turbulence intensity, 
u , /U, (where u, is the root mean square of the velocity fluctuations and U, is the mean 
centerline velocity), decreased with increases in the mass loading and Stokes numbers. Mass 
loadings as lo\\. as two percent significantly attenuated fluid turbulence. The attenuation is 
greater in the transverse direction than in the streamwise direction since the transverse turbulence 
is composed of higher frequency components. This is significant since the suspension of 
sediment is dependent on vertical (not streamwise) turbulence fluctuations. 
Best et al. ( 1997) have separated the velocity characteristics of a suspension and water using 
phase Doppler ansmometry. They found that the presence of mobile sand in an open channel 
flow increased the shear velocity of the flow when compared to clear water flows with the same 
mean condil~nni, Tllr increase in shear velocity was blamed on three things: first, an increase in 
the roughnesb hrighi of rhe bed, second, higher near-bed turbulence intensities, and third, smaller 
mixing lengths In g cnrral. the presence of the sediment increased the velocity gradient near the 
wall of the channel 
When sedin~cnr is added to the flow, Best et al. (1997) also found that the peak vertical 
turbulence intensit! moves closer to the wall, and that turbulence intensities at heights of y/D > 
0.3 are attenuated. Also, the streamwise component of turbulence intensity increases for y/D < 
0.2 (y is height above the bed and D is mean flow depth). 
Kato et al. (1993) perform an interesting study where wall shear stress is reduced by 
increasing viscosity in the outer boundary layer. The increased viscosity reduces turbulent 
transport near the wall. It is likely that high concentrations of sediment would also affect 
turbulence production and transport, possibly reducing wall shear stress. Dyer (1 986) points out 
that stratification caused by sediment concentration gradients can affect mixing length and eddy 
sizes. 
2.3.7 Summary of Sediment Transport Research 
Existing sediment transport relations have been developed primarily for steady, uniform 
flow conditions. A compendium of available transport relations has beengiven in Table 2.1. 
Two methods of applying a sediment transport boundary condition at the bed have also been 
discussed; either the near-bed concentration or the sediment entrainment can be specified. Some 
of the relations given in Table 2.1 are used to compute the near-bed concentration and some are 
used to compute entrainment. For unsteady flows it is necessary to specify entrainment as the 
transport boundary condition. 
A number of studies have extended the use of existing entrainment relations to 
disequilibrium flon-s and unsteady flows. Because of its relevance to coastal engineering, 
sediment transport beneath oscillatory waves has been studied more extensively than 
disequili briunl sediment transport. In oscillatory flows, researchers have observed a phase lag 
between peak hed shear stress and near-bed concentration measurements. The phase lag is 
related to the p h ; ~ ~ c  of turbulence properties; this is not surprising since turbulent flow is 13: 
necessary for the suzpsnsion of sediment. 
Sedi mcnt 15 cntminsd primarily by turbulent ejections. The ejections have been observed to 
carry ssdimcnr from the bed into the outer flow. Turbulence properties are also influenced by 
the presence of su\pcndcd sediment. Past research has shown that suspensions of sediment tend 
to atrenuale turhu1r.n~~ fluctuations. Thus, while the presence of turbulence is necessary to 
suspend sediment. the presence of suspended sediment attenuates turbulence. Consequently, an 
equilibrium dei.elops between the turbulent energy of the flow and the concentration of 
suspended sediment. 
2.4 Fall Velocity and Particle Motion 
Understanding the response of particles to the flows in which they are suspended will be 
necessary if a complete understanding of sediment transport will ever be achieved. In this 
section, past investigations of suspended particle behavior are discussed for concentrations of 
particles. The material presented in this section has implications both on how suspended 
sediment responds to unsteady flows, and how the fall velocity varies in turbulent flows. 
2.4.1 Behavior of Fall Velocity for Concentrations of Particles 
2.4.1.1 Fall Velocity in a Non-quiescent Fluid 
The effects of turbulence on particle fall velocity are not well understood, and there is 
widespread disagreement about them. The non-linear response of the drag coefficient of a finite 
size sphere to changes in flow velocity means that a particle will fall differently in a quiescent 
flow and a turbulent flow. There is disagreement, however, about what the difference will be. 
Part of the problem stems from the complicated nature of the turbulent flow field. Certainly, 
turbulence conditions are not the same in every flow field. The turbulence generated by an 
oscillating grid is often considered isotropic and homogeneous in directions perpendicular to the 
axis of oscillation (Brunk et al., 1996) while turbulence generated by wall shear is much more 
anisotropic and is homogeneous in the direction of flow (Hinze, 1975). The effect of isotropic 
turbulence on the fall velocity is probably significantly different than the effect of the anisotropic 
turbulence that occurs in boundary layers. Research has been done using both oscillating grids 
and horizontal flows with wall generated turbulence. 
The problem is further complicated by different interpretations of what fall velocity is. The 
fall velocity may be computed from the time it takes for a particle to drop from one height to 
another, or alternatively, instantaneous particle and flow velocities may be measured over a 
period of time and the average of the difference between the two may be used to compute the fall 
velocity. For turbulence with small fluctuations the two methods will probably result in the same 
fall velocity, but for larger eddies the two methods certainly have different results since the 
particle will spend more time in the upward flowing region of the eddies. 
According to Celik and Rodi (1984) most researchers contend that turbulence reduces fall 
velocity. Researchers confirming this include Murray (1970) and Sarkisjan (1958). Murray 
generated vertical turbulence intensities (defined as the root mean square velocity fluctuations) 
between 2 and 4 c d s  using an oscillating grid. He observed the fall velocity of 2 rnm diameter 
spheres in the turbulent flow. Four different particle densities were used. Murray found that fall 
velocity decreased with increasing turbulence intensities. In addition, settling velocity 
reductions were attributed primarily to high frequency components of turbulence. Murray 
conjectured that fall velocity reduction is maximum for particle diameters of approximately 0.35 
mm and that fall velocity is reduced by as much as 30 percent in large rivers. According to Celik 
and Rodi (1984), Sarkisjan's results indicate a reduction in fall velocity of  as much as 70 percent 
in turbulent flows. Unfortunately, no indication of the relevant turbulence scales or intensities 
are available. 
On the other hand, some researchers suggest that the reduction in fall velocity due to 
turbulence is insignificant. Although skewed distributions of velocity fluctuations affect fall 
velocity, Dyer (1986) states that for most flows with large horizontal velocities the settling 
velocity of sand particles is not influenced significantly by turbulence. Dyer points out a paper 
by Ludwick and Domurat (1 982) as evidence. Ludwick and Domurat (1982) discounted 
Murray's (1 970) observations for many natural flows where turbulent energy is predominantly at 
frequencies of less than 5 Hz. The peak turbulent energies observed by Murray had frequencies 
of between 7 and 19 Hz, and as stated above the fall velocity reduction was found to be a result 
of the higher frequencies. It should be mentioned that data presented by Ludwick and Domurat 
was for sand particles with diameters of 100 and 200 pm, particles that lie in or near the Stokes 
range; so their observations may not be valid for particles outside the Stokes range where drag 
forces are nonlinear. 
A set of studies by Boillat and Graf (1 98 1, 1982) demonstrated that the coefficient of drag 
of a spherical particle is reduced when it falls through a turbulent flow field so that there is 
actually an increase in fall velocity. For their study, the turbulence was produced by a horizontal 
oscillating grid. Thus, the turbulence in their study was probably homogeneous in the vertical 
and horizontal directions perpendicular to the axis of oscillation. 
Apart from turbulence, it is of interest in this study to note the effects of flow unsteadiness 
on fall velocity. According to Nielsen (1984, 1992) there is a settling velocity reduction in 
-- 
oscillatory flow due to the non-linearity of the drag force on particles outside the Stokes-range. 
However, for oscillatory waves he finds that the total reduction is very small. 
Finally, a common approach in sediment transport is to assume that sediment velocity is 
equal to fluid velocity except in the vertical direction. In the vertical direction the sediment 
velocity is assumed to be equal to the difference between the fluid velocity and the sediment fall 
velocity. According to Nakato et al. (1977), practical alternatives to this method are not 
available. As long as the particle can react quickly enough to follow the mean flow this 
hypothesis will be considered valid. 
2.4.1.2 Effects of Large Particle Concentrations on Fall Velocity 
The behavior of a large concentration of particles is generally different than the behavior of 
a single particle in a clear fluid. The effects of concentration on fall velocity depend on the forrn 
of the concentration cloud as well as the concentration. Nielsen (1992) points out that high 
sediment concentrations can have different effects on the sediment fall velocity. Increases in 
concentration usually lead to a reduction in fall velocity because of the decreased cross sectional 
area through which the water has to flow when it is displaced by the sediment. However, if the 
sediment falls as a dense cloud, and the water within the cloud is carried along with the 
sediment. the fall \.elocity can be significantly increased (This effect generally occurs only if the 
suspension is no1 homogeneous in the horizontal plane). Finally, for very low concentrations it 
is possible to ha\ s an increase in fall velocity if the wakes of falling particles reduce the drag on 
other particles and the upn-ard flux of water is negligible. 
Van Rijn I 1984 I discusses the reduction of fall velocity when there are large concentrations. 
He points o u ~  a correction given by Richardson and Zaki (1954) who examined the effects of 
concentration on 1311 ielocity for a variety of spherical particles. Using particles with different 
diameters an J  ~ p ~ i 1 t - i ~\\ rights they found the relation between concentration and fall velocity 
reduction to hc gnen h!. 
" s o - n 
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where E is the void porosity of the fluid. E, = 1-c, where c is the sediment concentration by 
volume (Freds~e and Deigaard, 1992). v, is the fall velocity of a single particle, v,, is the 
corrected fall velocity for large concentrations, and n is given by 
Celik and Rodi (1984) cite several investigators including Bogardi (1 974) and Brauer (197 1) 
that indicate that the reduction in fall velocity caused by high concentrations can be anywhere 
from 20 to 50 percent for a concentration of approximately 4 percent by volume. The magnitude 
of the reduction depends on particle size and appears to be higher for smaller particles. 
Woo et al. (1988) investigated high sediment concentrations. They found that Rouse's 
equation (Equation 2.23) is valid for sediment concentrations of less than about 4 percent by 
volume. At higher concentrations there are changes in sediment fall velocity, fluid viscosity 
(high sediment concentrations increase effective viscosity), and specific weight. The nature of 
turbulence is also altered by high sediment concentrations. 
-
In Equation 2.23 c is concentration at the height y above the bed, c, is a reference concentration 
v 
at the height a above the bed, H is the depth, and Z is the Rouse number. Z=J where K is the 
KU* 
von Karman constant and u, is the shear velocity. Woo et al. studied concentration profiles for 
concentrations between 4 and 20 percent, and gave empirical solutions to account for changes in 
fall velocity. fluid viscosity, and specific weight at higher concentrations. 
2.1.2 Suspension by the Formation of Vortices 
According to Nakato et al. (1977), most sediment entrainment into suspension above 
bedforms is caused by vortices that are released from the tops of bedforms. For oscillatory flow, 
these vortices can occur on either the front or back side of bedforrn crests. Entrainment above 
flat beds ma! be similar in that vortices forming above the bed carry sediment into the outer flow 
(Garcia et al.. 1996). On the other hand, vortices that are released above bedforms always occur 
in the same place. while vortices that form above a flat bed can be released at any spatial 
location. All of the suspended load experiments given in this report occurred above a flat bed. 
Nielsen (1992) states that the most important flow structure associated with the transport of 
suspended sediment is a vortex with a horizontal axis. Nielsen points out that sediment can 
easily be trapped in a strong vortex and carried a long distance before the vortex dissipates. 
According to Ikeda and Asaeda (1983) and Asaeda et al. (1989), a majority of the sediment 
entrainment that occurs in open channel flows above rippled beds occurs on the lee side of the 
ripples. The entrainment that occurs is due to horseshoe vortices that form on the lee side of the 
ripples. The process is similar to the process observed in oscillatory flows except that 
entrainment in the open channel flows always occurs on the same side of the ripples since the 
flow is unidirectional. 
2.4.3 Summary of Research on Particle Response and Fall Velocity 
The influence of turbulence on particle fall velocity was examined. Although there was 
disagreement about whether or not the fall velocity of a particle changes in the presence of 
turbulence, it was observed that the average time that it took for a particle to fall a given distance 
through a fluid was larger when the level of turbulence was higher. On the other hand, it could 
be argued that the fall velocity of the particle does not actually change, but that the particle 
becomes trapped in the upward flowing regions of turbulent eddies. 
For homogeneous concentrations of suspended sediment there is a reduction in fall velocity 
due to the presence of other particles. Because of continuity, the downward flux of particles 
causes an upward flux of water. The upward flux of water increases drag on the particles. 
2.5 Conclusions 
The research reviewed in this chapter is divided into three categories: research done on 
unsteady boundary layers, sediment transport research, and research of fluid-particle interactions. 
Research covered in the literature review details the work that has been previously investigated 
and provides a foundation for the observations made in the present work. 
The sections dedicated to unsteady boundary layers and fluid-particle interactions provide 
insight into experimental unsteady flows and the behavior of sediment suspended within the 
flows. Results presented in this report confirm many of the past conclusions about unsteady 
boundary layers and fluid-particle interactions. For instance, phase differences similar to those 
described in the literature review are observed between velocities, shear stresses, turbulence 
properties, and sediment concentrations. Current results also utilize past research to help 
interpret the behavior of sediment particles and unsteady boundary layers in cases where direct 
observations cannot be made. 
The primary focus of this report is on suspended sediment transport in unsteady flows. 
Most sediment entrainment relations have been developed for steady flows, and although there 
has been some extension of the relations to unsteady flows, there is still limited knowledge of 
how sediment reacts to time variation of the bed shear stress. Furthermore, most studies of 
sediment entrainment in unsteady flows have been developed for flows that are periodic and 
sinusoidal. The research presented herein focuses on flows that have nearly constant 
accelerations and that are not periodic. Occasionally, periodic characteristics (such as phase lag) 
are applied to the non-periodic flows presented in this report. In this case, it is assumed that the 
flow changes slowly enough so that if the flow was periodic, properties of a previous cycle 
would not affect the current cycle. 
Past research done on sediment entrainment calculations can be used to verify the 
asymptotic limit of experimental results. As flows become less unsteady, measurements of 
sediment entrainment should approach empirical estimates made using entrainment equations 
developed for steady flows. 
3. EXPERIMENTAL FACILITIES AND INSTRUMENTATION 
3.1 Experimental Flume 
A special purpose facility was built for the experiments discussed in Chapters 4 through 6. 
An isometric view and a side profile of the experimental resuspension flume are given in Figures 
3.1 and 3.2, respectively. The figures also show some of the instrumentation used in 
experiments. The flume consists of a 30 cm wide, 10 cm high rectangular duct constructed of 
Plexiglas, a 2 m high head tank, and a large tailbox. The duct is 6 m long and has a false floor 
that can be replaced with a sediment bed. In Figure 3.2 the duct is shown with five of the six 
panels in the false floor removed and the sediment bed in place. The sediment bed has-a depth of 
about 12.5 cm. 
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Figure 3.1 Isometric view of the experimental resuspension flume 
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Figure 3.2 Side view of the experimental resuspension flume 
The head tank at the upstream end of the channel has an overflow weir 2 m above the 
centerline of the channel that keeps the inlet head nearly constant. Water is supplied to the 
resuspension channel head rank by either the iaboraiory pumps, or by a i 5 HP p-mlip that aiiows 
the channel to operate as a closed system. At the downstream end of the channel, the outlet head 
is adjusted with an air-regulated valve. The valve is controlled by computer via a Digital to 
Analog Converter. The same computer controls the triggering system and keeps the electronic 
instrumentation synchronized with the flow conditions. The triggering system is necessary so 
that results from multiple runs can be easily ensemble averaged. 
Upon exiting the channel, the water enters a large holding tank where it is stored until it is 
either returned to the laboratory sump or it is recirculated by the 15 HP pump. The maximum 
flon- that can be supplied to the channel head tank by the 15 HP pump is unknown, but is 
significantl! larger than 60 11s. This was the largest flow ever measured in the experiments. 
Since the area o i ' t h u  channel is 300 cm2 a discharge of 60 11s translates to an average velocity of 
2 mis throiish thi .  i h~nne l .  The discharge available using the laboratory sump is significantly 
larger t h an  r h;ii .I \ dl l ~b l i .using the 15 HP pump. However, due to tail box limitations the 15 HP 
pump is able 11) huppl! a larger continuous discharge. When the 15 HP pump is used to 
recirculate thc l i L r i \  11 returns the water to the head tank through a 6" diameter PVC conduit. 
The duct has 12 pressure taps spaced at 0.5 meter intervals for measuring pressure drops in 
steady flow conditions. The duct also has six 7.5 cm diameter instrumentation ports, five of 
which are at 1 meter intervals along the length of the channel. The ports have removable covers 
for easy insertion of instrumentation into the flow. Four instrumentation ports were used in the 
experiments; two for shear stress sensors, one for an Acoustic Concentration Profiler (ACP), and 
one for an Acoustic Doppler Velocimeter (ADV). Instruments are shown in place in Figure 3.2. 
In addition to the instrumentation ports, two sets of 0.79 cm diameter auxiliary ports were 
installed in the channel. One set of auxiliary ports is located 3.5 meters downstream of the duct 
inlet and the other is 5.5 meters downstream. In Figure 3.2 the locations of the two sets of ports 
are labeled Station 1 and Station 2, respectively. Each set of ports consists of one port 
horizontally centered on the top of the channel and three ports on the side of the channel at 
heights of 1, 3, and 5 cm above the top of the false floor. For some steady flow tests Pitot tubes 
were inserted into the auxiliary ports to measure vertical and spanwise velocity distributions. 
On the floor of the channel, just downstream of the ACP, a set of thre2 suction samplers was 
installed to measure concentration during steady flow tests. The three samplers are shown 
installed in Figure 3.3, and the centerlines of the samplers were measured to be 1.1,2.1 and 3.1 
cm above the sediment bed. The samplers were used to verify the ACP calibration, and were 
only installed for steady flows and when a sediment bed was in place. 
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Figure 3.3 Confi,ourationof sediment samplers in resuspension flume 
3.2 Sediment Concentration Measurements 
Sediment concentration measurements are a critical part of our investigation, and details of 
instrumentation used for the concentration measurements are given in this section. Two types of 
devices for measuring sediment concentration have been used in our research: manual samplers 
and an Acoustic Concentration Profiler (ACP). Manual samplers are older than ACPs and are 
still widely used. ACPs are relatively new, but have some major advantages over manual 
samplers. 
In order to produce good experimental results, concentration measurement devices have to 
meet several criteria. First, the devices must have small sampling volumes and good resolution. 
For two-dimensional flow the spanwise and lengthwise dimensions of the sampling volume are 
not so critical, but the height of the sampling volume should be small relative to the size of the 
boundary layer. Sediment concentration is averaged over the sampling volume height, and as 
long as concentration varies linearly over the height, the height is insignificant. However, near 
the bed and for unsteady flows it is unlikely that the concentration will vary linearly in the 
vertical direction so a small sampling volume height is important. The height of our -
experimental setup is small (-1 0 cm); the height of the concentration measurement sampling 
volumes should be significantly smaller (perhaps -0.5 cm or one tenth of the boundary layer 
thickness) for good resolution. Second, measurement devices should have good time response 
for unsteady flows. The time response necessary depends on how rapidly the flow is changing. 
Finally, the devices should be accurate. 
3.2.1 Manual Sampling 
Manual sampling is usually carried out with L shaped siphon tubes with the sampling tube 
aligned with the flow velocity. Many experiments have utilized siphon tubes; these include 
experiments by Vanoni (1 946), Apmann and Rumer (1 970), Jobson and Sayre (1 970), Coleman 
(1 98 1), van Rijn(198 l) ,  and Winterstein and Stefan (1 983). Using samplers, suspensions of 
sediment are siphoned out of the flow at velocities that are usually equivalent to what the 
velocity of the flow at the entrance of the siphoning tube would be if the siphoning tube were not 
present. The suspensions are siphoned into a container where the sediment subsequently settles 
out of solution and the concentration of the sample can be determined. 
Some researchers, including Hay (1 99 I), suggest that sampling at velocities of as much as 
four times the flow velocity will not result in a significant error in concentration measurements. 
For samplers aligned with the flow, Figure 3.4, from Bosman et al. (1987), shows that highest 
accuracy is achieved when the intake velocity of the suction sampler matches the flow velocity 
(a similar figure is given by Winterstein and Stefan, 1983). However, Figure 3.4 also shows that 
accuracy of the measurement is reduced by less than 25 percent for 0.45 mm sand when intake 
velocities are two to three times the flow velocity. The accuracy is even better for finer sand. If 
suction velocity and sampling velocity are known, Figure 3.4 provides an estimate of sampling 
error. In Figure 3.4, a, the trapping efficiency, is the ratio of measured concentration to actual 
concentration. us is the sampling velocity and u, is the flow velocity in the channel. 
Figure 3 i7'1-crppingefficiency, a, of a suction sampler as a function of the ratio of intake and 
Jon  r r loc in /o~-l~arious intake orientations and sampler diameters (Bosman et al., 1987) 
\IYhenattempting to measure sediment concentrations in unsteady flow it is difficult to 
adjust the \ t. I r! ;II the entrance of the siphon tube to match the flow velocity. Velocities at the 
entrance of the rube can be controlled by controlling the head at the outlet of the siphon tube as 
done b! Colr~~~rtr iI ()S 1 ). However, using the results from Figure 3.4 it may not be necessary to I 
match the flou \ r.l<)ii~!.. -4s long as the flow velocity and intake velocity are known, the 
difference bet\vstn the measured concentration and the actual concentration can be determined. 
Alignment of the sampler with the flow is not critical. According to Nelson and Benedict 
(1950), a 20 degree misalignment of the intake has negligible influence on the accuracy of 
concentration measurements. This is also shown by Figure 3.4. If suction and flow velocities 
are matched, a measurement error of only 20 percent is expected for a 90 degree misalignment 
when 0.17 mm sand suspensions are sampled. 
The response time of sediment samplers is poor. In order to get samples that are large 
enough for accurate measurement of concentration long sampling times may be necessary. 
Apmann and Rumer (1 970) used a sampling period of one minute to measure mean 
concentrations of sediment and later decided that this was probzbly too short. The presence of 
bedforms in their experiments substantially lengthened the necessary sampling time. The 
required sampling time depends primarily on the homogeneity of the suspension. Consequently, 
course sediment sizes require longer sampling times than fine sediment sizes since the sediment 
distribution is less homogeneous. On the other hand, in unsteady flows sampling times must be 
short enough so that time variation of the concentration can be measured. Staub et al. (1996) 
obtained large sediment samples for short sampling periods by using a rotating sampler that was 
in sync with their unsteady periodic flow. This method worked well since sampling times were 
not too short and the flow was periodic, but it is not practical for non-periodic flows since 
keeping the rotating sampler in sync for separate ensembles would be difficult. 
Because of the poor response time of manual samplers, they were not used for our unsteady 
flow experiments. However, a sampler was used to measure the mean sediment concentration in 
the 4CP calibration facility (Section 3.2.4), and for measuring concentrations in steady flow tests 
(Section 3.2.5 1. Since \.olumetric sediment concentrations are directly measured results gathered 
with the siphon tube should be relatively accurate. 
3.2.2 Acoustic Concentration Profiler Operation 
Recenr ad\ ancc's in piezo-electric transducer technology have made it possible to transmit 
acoustic pulse5 31 trcqusncies of up to 5 MHz through water. A fraction of each pulse is 
reflected b! sed~mcn~that is suspended in the water and returns to the transducer. The strength 
of the retum si gnsl i b  directly related to the concentration of sediment in the water. The velocity 
of the transmirtcd pulse is known (speed of sound in water), so if the strength of the retum signal 
is measured as a function of time a vertical profile of the sediment concentration can be obtained. 
Acoustic sensors have been investigated primarily in estuaries and oceanic boundary layers 
where there are large characteristic lengths (Libicki et al., 1989; Hay and Sheng, 1992; Thorne et 
al., 1996). The size of the ACP's sampling volume depends on the duration of the transmitted 
pulse. For example, the duration of the transmit pulse of our sensor is 10 ps. Since the speed of 
sound in water is approximately 1500 m/s the distance that each pulse encompasses is about 1.5 
cm. The height of the sampling volume is % of this distance; in this case 0.75 cm. 0.75 cm is 
about 1 1 7 ~  of the boundary layer thickness and is somewhat large. In future tests, it may be 
possible to decrease the size of the sampling volume by reducing the transmit pulse duration. 
Calibration curves for acoustic sensors are different for different sediment sizes. Recent 
work by Crawford and Hay (1993) demonstrated that two sensors of different frequency may be 
used to discern sediment size as well as concentration for non-uniform sediment mixtures. 
However, Libicki et al. (1989) claim that sensors that operate at frequencies upwards of 30 MHz 
would be necessary to model the range of sediment sizes expected for ocean boundary layer 
measurements. Frequencies of this magnitude are not very practical for a number of reasons. In 
our experiments the sediment size was uniform so only one ACP was necessary, but the ACP 
had to be calibrated for each sediment size that was investigated. 
The presence of contaminants in the water column can increase the strength of the return 
signal so that an artificially high sediment concentration is observed. Suspended particles 
(besides the sediment being investigated) and air bubbles can result in erroneous concentration 
readings (Hay, 1991). For this reason, care was taken to prevent air bubbles from entering the 
calibration duct and resuspension facility (unwanted suspended particles were not a problem). 
The acoustic signal is attenuated as it travels through the water, both by particles in the 
water and by the water itself. The attenuation caused by the suspended sediment can be ignored 
for low concentrations, but if the concentration is high enough it must be accounted for. Hay 
(199 1 )  assumes that attenuation due to particles in the water is negligible when concentrations 
are less than 1 percent by volume. An estimate of the attenuation caused by the water, a,, is 
given by Equation 3.1 (Fisher and Simmons, 1977). 
Where f is the frequency of the transmitted signal in Hz, Tw is the water temperature in C, and p 
is the absolute pressure in Atm. 
The measuring volume detected by the acoustic transducer is shown in Figure 3.5. Because 
of the radial spreading of the acoustic pulse the measuring volume is best treated with spherical 
coordinates. The acoustic transducer transmits a pulse that has a pressure amplitude that is 
dependent on direction. The strongest part of the pulse is limited to the cone defined by an 
azimuthal angle of 3 degrees Beyond the 3 degree angle the pressure pulse has an intensity at 
least 3dB smaller than the maximum pressure intensity. The directivity, D, of the transmitted 
pulse defines how intense the pressure pulse is in any direction. 
Figure 3.5 Variation ofACP measuring volume with distance from transducer 
3.2.3 Acoustic Concentration Profiler Equations 
Three wave equations that are useful when working with hydro-acoustics are 
c is the speed of sound in water, h, is the wavelength of the sound wave, o is the angular 
frequency of the sound wave, and k, is the wave number. The speed of sound in water has been 
given in Pierce (198 1) as 
where c is given in mis, AT is T,-283. 16 where Tw is the temperature in Kelvins, and p is the 
absolute pressure in Pascals. The speed of sound is also affected by suspensions. Pierce shows 
how the speed of sound is affected by a suspension of salt water with a concentration of nearly 
35 @loo(sea water). The equation given by Pierce is not applicable for suspensions of sediment. 
However, results of the calibration experiments showed that errors due to changes in the speed of 
sound caused by high sediment concentrations were small. This was determined by comparing 
the retum times of the bed echo for flows with different sediment concentrations. 
Derivations of the equations describing backscattering by suspended sediment particles have 
been given by Hay (1 991), Thome and Campbell (1992), and Thorne et al. (1993). The equation 
for the pressure scattered by a single particle, p,, has been given by Thorne et al. as 
where a, is the radius of the scattering particle, p, is the pressure amplitude of the sound wave at 
a distance r, from the transducer, D is the directivity of the sensor (D is a function of the angle 
from the axis of the transducer, 8),r is the distance from the transducer to the particle, f, is a 
form function defining the particle's scattering properties, k, and o are the wave number and 
angular frequency of the incident sound wave, a, is the water attenuation coefficient, and t is the 
time. 
Equation 3.6 can be integrated over the measuring volume of the acoustic pulse. The 
measuring \,olurnr is defined by the 3 dB boundary described above and by the duration of the 
transmission pul s r  . For a transmission pulse of duration r the thickness of the measuring volume 
is c r 2 .  T h u ~ .the boundaries of the integral are r- c.r 14, r+ cr 14, and P, where P, is the 3 dB 
boundary angl s . (On, is 3 degrees for the sensor used herein). It is assumed that there is a 
sufficient]! large nunlhrr of scatterers so that the combined retum signals of the individual 
scatterers produce an incoherent pressure field. According to Thorne and Campbell (1992) and 
Thorne e t al. r 1 497 1. i t  is also necessary to ensemble average a large number of backscattered 
signals sincc thc return signal from one transducer pulse has a random phase variation. Based on 
this assumption the ensemble average mean-square backscatter pressure, p,, is 
i 
where M is the mass of scatterers per unit volume of fluid, p, is the density of the scatterers, and 
a, is the total attenuation coefficient. If rc is significantly smaller than r Equation 3.7 can be 
simplified further to forrn 
-
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where y was introduced by Thome et al. (1 993) to adjust the equation if the calculation is being 
done in the near-field of the transducer instead of the far-field. Equation 3.9 can be used to 
replace the integral term in Equation 3.8. According to Thome et al. (1 993) Equation 3 -9 is 
within 3 percent for P,<15". 
where J I  is the first-order Bessel function, and a, is the radius of the transducer. Combining 
Equation 3.8 and Equation 3.9 yields 
where the attenuation coefficient atis given by 
Here. u,is  the attenuation of the acoustic pulse due to sediment suspended in the water, and is a 
function of sediment size, sediment type, and concentration (Thorne et al., 1995). The integral in 
Equation 3.1 1 is necessary since the sediment attenuation coefficient may be different at 
different locations between the transducer and the measuring volume. This is due to spatial 
variations in the sediment concentration. The attenuation due to the suspended sediment has 
been shown to follow the relation given by Equation 3.12 (Hay, 199 1 ;Thome et al., 1995). 
a ,  =<M (3.12) 
where < is a constant determined by sediment characteristics. 
Since attenuation due to the sediment is dependent on the concentration, calculating 
concentration profiles for high concentrations is not trivial. If attenuation is known as a function 
of concentration the attenuation can be corrected for by computing the concentration closest to 
the sensor, calculating the corresponding attenuation, calculating the concentration slightly 
further from the sensor (using the previously calculated attenuation correction), and so on until 
the entire concentration profile is known. 
According to Thorne et al. (1993), the near-field correction y is given by 
E , x ~ ;
y = 1  for r >  
1, 
2
Ewnaty=- 2+-- for r < -------
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where E~ is approximately 2, and h, is the acoustic wavelength. 

The output voltage of the transducer (v,) is related to the incident pressure by a constant 

(Hay, 199I), so that 

where x is a system sensitivity constant. 
A transducer can easily be calibrated using Equations 3.10 through 3.14. For a given 
transducer and sediment p,, r,, f,, k,, a ,  a, and p, are constants, and -cc is approximately 
constant. Equation 3.10 can be combined with Equation 3.14 and reduced to get 
' where CI  is a constant that can be determined by calibration. For our transducer a time variable 
gain amplifier (TVG) corrects the return signal for spherical spreading and attenuation of the 
signal due to the water. The correction eliminates the r2 factor from the denominator of Equation 
3.15 and simplifies the exponential attenuation term. If the measurements are taken in the far- 
field y is 1 and Equation 3.16 can be used. The TVG used by our sensor is not exact since it 
does not account for changes in water temperature, however variations in the temperature of our 
calibrations and experiments are not large enough (5' C maximum) to produce substantial error. 
If concentrations are low enough so that attenuation by the sand is negligible Equation 3.17 
can be used. 
In general, the near-field is considered to be in the region where r is less than At/hw 
(Downing et al., 1995; Hay, 199 1) where At is the area of the piston transducer. In order to 
simplify the analysis of concentration results our measurements were limited to the far-field. 
Our transducer has a diameter of 1.25 cm so the near-field was limited to 19 cm from the 
transducer. A transmission tube 25 cm in length was designed so that all measurements would 
occur in the far-field (See Figure 3.5). The transmission tube also gives the transducer time to 
stop ringing after it transmits a pressure pulse. If operation in the near-field is ever necessary, 
Downing et al. (1 995) show how to correct for measurements in that region. 
As shown in Figure 3.5, a latex membrane covers the opening of the transmission tube. The 
film keeps air bubbles out of the transmission tube and limits flow interference. The effect of 
this membrane is not accounted for in the equations above and would be difficult to account for. 
However, calibration of the sensor has shown that the above equations work quite well to 
describe the behavior of the transducer despite the presence of the membrane. 
The acoustic profiler used in our experiments is the same one used by Hay (1 991). The 
profiler is built by Mesotech, Ltd. for measuring distances to submerged objects. Profilers are 
available in 1.  3.25 and 5 MHz frequencies. The profiler does not need to be modified to 
measure sediment concentrations since its output is a function of the strength of the retum signal 
of the transmitted acoustic signal, and the strength of the retum signal is a function of the 
concentration in the measuring volume. 
The ACP is shown mounted above the flow channel in Figure 3.6. The ACP is mounted on 
the water filled sound transmission tube. 
ACP 
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Figure 3.6 Configuration ofACP in test channel 
The ACP can sample at up to 100 Hz though most of the test results presented here have 
been gathered at 10 Hz because of computer constraints, namely hard drive space and speed. 
3.2.4 Acoustic Concentration Profiler Calibration 
Before the ACP was used in the experimental flume it was calibrated, and a relation 
between the output voltage of the ACP and the sediment concentration was determined. 
Calibration of the ACP is difficult since uniform concentrations of large diameter sediment are 
difficult to attain. This difficulty is caused by the tendency of the sediment to settle out of 
suspension wherever the flow is not turbulent enough. Measurement of the actual concentration 
of the sediment during the calibration procedure is also difficult. Hay (1991) lists a number of 
calibration methods, including the sediment-laden jet that he used to calibrate his acoustic 
sensor. .\n attempt was made to calibrate the ACP using a jet, but maintaining uniform 
distriburions of ssdiment over the time span of the experiments was difficult. The non-uniform 
distributions of sediment made it hard to accurately compare ACP readings and manual samples. 
In order to n~ercome the difficulties with calibrating the ACP the calibration facility shown 
in Figure 3.7 was built. The calibration duct is 12 cm wide, 16 cm deep, 85 cm long, and is 
constructed of %?'Plexiglas. Water circulates through the calibration duct and returns to a 
holding tank. The holding tank allows bubbles trapped in the water to be released. This is 
necessary since suspended air bubbles cause erroneous acoustic measurements. The sediment in 
the duct bypasses the holding tank so that the concentration in the duct remains nearly constant 
throughout each test. A sediment sampler is situated just downstream of the location where ACP 
Figure 3.7 ACP calibration facility 
Care was taken to design the system with high velocities in all places where the sediment is 
present, this is necessary to keep the sediment in suspension. Keeping the sediment in 
suspension is important so that a uniform concentration of sediment is maintained over the 
testing period. The cross-sectional areas of all the pipes that recirculate the flow are small with 
respect to the cross-sectional area of the duct itself so that the velocities can be kept high. 
Measurements with the ACP showed that the suspended sediment concentration was uniform for 
the entire cross section of the duct so concentration only needed to be sampled at one location 
along the ACP profile. 
The ACP was calibrated with the transmission tube attached. This was done since the latex 
film and transmission tube affect the calibration. Different amounts of sediment were placed in 
the facility to get different concentrations. Sediment concentration was determined by manually 
sampling the flow; and the ACP voltage output was simultaneously recorded. Two or three 
samples were taken for each sediment concentration, and each of the samples took about 20 
seconds to gather. The concentrations of samples gathered during the same test were regularly in 
agreement, especially for the finer sand. The ratio of sampler intake velocity and mean velocity 
in the duct was close to 1 for the 120 pm sand, but was about 3 for the 580 pm sand. Later tests 
showed that the 580 pm sand concentrations gathered with the velocity ratio of 3 were about 10 
percent higher than when the velocity ratio was 1, contradicting the results shown in Figure 3.4. 
The contradiction creates some ambiguity about which velocity ratio provides results that are 
more accurate; so the original test results were not corrected. However, a 10 percent error in 
concentration measurements is acceptable. Furthermore, in addition to the calibrations presented 
in this section, the ACP was also calibrated in situ. 
Mean ACP voltages were obtained by averaging a large number of ACP profiles (upwards 
of 200 profiles). Only the part of the profile nearest the transducer was used to calculate mean 
voltage so that the effect of attenuation on the calibration results would be minimized. The 
average voltage did not observably change over the duration of the experiment so concentration 
in the duct was constant. 
Concentrations measured with the sampler were plotted against the square of the transducer 
output voltage. As in Hay (1 991), it was found that using the squared mean output voltage 
instead of the mean squared output voltage in Equation 3.16 did not detract substantially from 
the accuracy of the ACP, and made the computation of concentration considerably easier. Thus, 
concentration was calculated as a function of squared mean output voltage. 
The calibration results are shown in Figures 3.8 and 3.9 for the 120 and 580 pm sand grain 
diameters, respectively. The output of the ACP matches the theoretical equation (Equation 3.17) 
quite well, and curve fits have been included with each figure so that concentration can be easily 
calculated from measured output voltage. Care must be taken to maintain the alignment of the 
ACP and the transmission tube so that the calibration does not change. Otherwise, the 
calibration appears to be quite stable. 
An attempt was made to calculate attenuation of the acoustic signal using the calibration 
data since the ensemble averaged voltages of the entire profile were available. However, it was 
found that the attenuation correction determined in the calibration facility was not applicable in 
the resuspension flume. The calibration flume has a very steady concentration, but the 
resuspension flume has large concentration fluctuations. Hay (1991) points out that if there are 
large concentration fluctuations, a time averaged attenuation correction will erroneously 
overcorrect the acoustic output voltage. This is because the attenuation correction is non-linear. 
To overcome this problem, the attenuation caused by high concentrations of suspended sand was 
deterrnined using suction samples gathered in the resuspension flume during the actual 
experiments. 
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Figure 3.8 ACP calibration curve for 120 pm diameter sediment 
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Figure 3.9 ACP calibration curve for 580 pm diameter sediment 
3.2.5 Comparisons of In Situ Measurements With ACP Calibration 
A large number of the unsteady flow tests ('resented in Chapter 5 )  were tests in which the 
velocit! \i3> 1 n i r c ~ \ dfrom zero to a plateau and then kept steady for a period of time. During 
the stead? portion ot \oms of these runs sediment samples were extracted from the flow. 
Samples u err esrracrrrJ using the samplers shown in Figure 3.3. The intake velocities of the 
samplers were approximately the same as corresponding flow velocities. In this section the 
samples that were extracted are compared with the corresponding ACP measurements, and the 
calibration curves determined in the previous section are verified. In addition, for the higher 
concentrations the effects of attenuation are accounted for. 
Figure 3.10 is a comparison of the data measured with the ACP and the data gathered with 
the suction samplers for 120 pm diameter sand steady flow tests. Concentrations measured with 
the ACP were calculated with and without attenuation taken into account. The attenuation 
constant, t;, was calculated by minimizing the error between the suction samples and the ACP 
data. 5was found to be 0.0 1 8 1 when a value of 117.678 was used for C1. Agreement between 
the sampled data and the ACP data can be improved further if C1 is optimized along with i. 
Figure 3.10 Comparison of concentrations gathered with the ACP and the suction samplers with 
und without the attenuation corrected. 120 pm sand grain diameter 
Figure 3.1 1 is a comparison of the data measured with the ACP and the data gathered with 
the suction samplers for 580 pm diameter sand steady flow tests. Attenuation did not need to be 
corrected for in these flow tests since the concentrations were only high near the bed. If 
attenuation was important the sampler concentrations would be higher than the ACP 
concentrations. Consequently, Equation 3.17 could be used to evaluate the concentration from 
the measured voltages. 
Results shown for the 580 pm sediment are not quite as good as for the 120 pm sediment. 
There are three reasons for this: First, the ACP does much better when predicting higher 
concentrations than lower concentrations since noise caused by suspended air bubbles and 
contaminants has less of an effect on the results. Second, during the 580 pm sediment tests the 
gradient of the sediment concentration profile is much steeper near the bed, making it more 
difficult to get an accurate reading of concentration. Finally, spatial and temporal fluctuations of 
sediment concentration are much greater for the 580 pm sediment than for the 120 pm sediment, 
and equations developed for the ACP behave better for more uniform concentration distributions. 
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Figure 3.11 Comparison of concentrations gathered with the ACP and the suction samplers 
\tvithout the attenuation corrected. 580 pm sand grain diameter 
Error induced b! attenuation corrections is not readily computed. Consequently, 
concentration measurement error was estimated using Figures 3.10 and 3.11. An 8 bit AID board 
was used to gar her the concentration measurements. Thus, measurements of low concentrations 
are quite inaccuratc. For the 120 pm sand it was estimated that the relative concentration 
measurement err<): \ias less than ten percent for concentrations of greater than two percent by 
mass. For the 5S(1 urn sand the relative concentration measurement error was estimated to be 
less than ten pcrccnl tbr concentrations of greater than one percent by mass. Bedford (1994) 
estimates that asc)usiic concentration profiler measurements are accurate to within ten percent of 
the mean concentration. 
3.3 Shear Stress Measurements 
Shear stress is by far the most widely used parameter for calculating sediment entrainment. 
In light of this it is necessary to measure shear stress in our experiments. Unfortunately, there is 
no direct way to measure bed shear stress on the moveable bed of the experimental flume. Most 
devices capable of measuring velocity profiles do not operate well in flows with large amounts 
of suspended sediment. In addition, the boundary layer in the experimental flume is thin and 
requires high spatial resolution if the velocity gradient is to be used to compute shear stress. To 
overcome this problem shear stress was measured on the fixed upper surface of the flume, and 
bed shear stress was estimated from a number of additional measurements and assumptions. 
3.3.1 Shear Stress Sensor Operation 
A hot film shear stress sensor was used to measure the shear stress on the upper surface of 
the flume. Water flowing over the sensor convects heat from the sensor t6 the thermal-boundary 
layer. The heat convected to the thermal boundary layer is related to the momentum transfened 
to the momentum boundary layer (Hanratty and Campbell, 1996; Menendez and Ramaprian, 
1985; Bellhouse and Schultz, 1966), and wall shear stress can be calculated from measurements 
of heat transfer from the sensor. Power dissipated from the sensor by convection is measured 
using a bridge circuit. Equation 3.18 is used for converting the voltage measured across the 
bridge to shear stress. See Admiraal (1997) for more details about this equation. 
Where r, is the wall shear stress, Ebis the bridge voltage, AT, is the difference in 
temperature between the sensor and the free stream, and A, By m, and ATr are constants. AT, has 
been added to Equation 3.18 for convenience and has no effect on the results as long as it is held 
constant. For our experiments AT, was taken to be the sensor operating temperature minus 20' 
C. It is a common practice to ignore the dependence of B on AT,, but Equation 3.1 8 takes this 
dependence into account. Often, rn is set equal to 3, but according to Bruun (1995) m increases 
with an increase in thermal conductivity between the fluid and the substrate on which the sensor 
is mounted. 
3.3.2 Shear Stress Sensor Calibration 
The hot-film shear stress sensors had to be calibrated before they were used in the unsteady 
flow experiments. The constants A, B, and m needed to be determined so that Equation 3.18 
could be used to calculate the shear stress from the output of the shear stress sensors. The 
sensors were calibrated in situ to minimize changes in the calibration. Two sensors were 
calibrated in the experimental facility. Sensor 1 was located 4.5 meters downstream of the duct 
entrance, and sensor 2 was located 3.5 meters downstream of the entrance. Sensor 2 was only 
used for fixed bed experiments because it did not behave properly for the moveable bed 
experiments. 
When the smooth fixed bed is in place, the pressure gradient in the resuspension flume is 
directly related to the wall shear stress as shown by 
In which, Rhis the hydraulic radius of the duct, and P + ywh, is the potential head of the fluid. 
The pressure gradient was measured with the pressure taps on the top of the flume for a variety 
of discharges, and shear stress was calculated with Equation 3.19. 
A typical calibration curve is shown in Figure 3.12. The coefficient m of Equation 3.18 was 
set to 5 and the calibration curve was nearly linear when T, 115 was plotted against E ~ ~ .  Note that 
the shear stresses given in Figure 3.12 have been corrected for temperature changes as shown in 
Equation 3.1 8. 
Figure 3.12 Calibration curve of sensor I ;  operating resistance 4.97 ohms 
A, B,and m are given for sensors 1 and 2 in Table 3.1. The values of A, B, and rn given in 
Table 3.1 are used to compute shear stresses on the upper surface during subsequent steady and 
unsteady flow tests. 
Table 3.1 Calibration parameters o fsensors I and 2 . . 
Sensor TSI Serial Operating Operating A B m 
No. No. Resist. (a) Temperature ("C) 
1 9661 11 4.97 66.3 0.1415 -1.9183 5 
Hot film shear stress sensors are not very accurate. They work best when calibrated in situ 
at the time of the experiments. The sensors are extremely sensitive to changes in water 
temperature. As shown by Equation 3.18, changes in water temperature can be partially 
compensated for. Long cables were used to connect the hot film sensors to the bridge. Changes 
in the ambient temperature caused changes in the resistance of the cables. Unfortunately, 
changes in the cable resistance could not be adequately accounted for and caused substantial 
error. During the experiments, the hot-film sensors were recalibrated several times to correct for 
changes in the ambient temperature. However, the uncertainty associated with the shear stress 
sensor measurements was still quite high and was estimated to be 20 percent of the measured 
shear stress. 
3.4 Velocity measurements 
Only a limited number of methods are available for measuring velocity in unsteady, 
suspended sediment flows. The unsteadiness of the flow requires a device with a high response 
time, and the opaqueness of the flow limits the use of optical methods such as PIV and LDV. To 
overcome these 1imitations an Acoustic Doppler Velocimeter (ADV) was used to measure 
velocity. 
The .AD\* measures velocity by measuring the Doppler shift of a high frequency acoustic 
pulse that h3s beer1 reilected off of seeding particles suspended in the water. It is assumed that 
the particles ha\ e the same velocity as the water. If the particles are small enough they will have 
the same \.elocit! 3s the water even for unsteady flows. In some of the moveable bed tests the 
sediment acts 3s s c d ~ n gparticles. Both the 580 pm and 120 pm sediment follow the mean 
unsteady flon s u el I .  so when the sediment acts as seeding particles it does not create a problem 
for the measurement of mean unsteady flow. 
The maximum frequency at which velocity data can be gathered with the ADV is 25 Hz. 
The size of the ADV measuring volume is large and was either 3 mm or 9 mrn (depending on the 
ADV configuration) for all of the experiments. Turbulence frequencies as high as 100 Hz can be 
expected in the duct, and the Kolmogorov length scale is less than 120 pm. Consequently, only 
lower frequency turbulence scales can be measured using the ADV. In addition, although 
suspended sediment responds well to the unsteadiness of the mean flow it can not respond to 
some of the more rapid turbulent fluctuations. As a result, turbulence characteristics measured 
with the ADV are less trustworthy than mean velocity measurements. The large size of the 
measuring volume also makes it impossible to measure velocity in the steep velocity gradient 
near the wall. 
The ADV was used to take centerline velocity measurements in all of the flow conditions. 
In flows without sediment the ADV was also used to measure the velocity near the bed. The 
accuracy of the ADV is limited to between 5 and 10 percent since the presence of a boundary 
results in some measurement error. Comparisons of ADV measurements and Pitot tube 
measurements are shown in Figure 3.13. In Figure 3.13, ADV measurements are shown by solid 
symbols and Pitot tube measurements are shown by hollow symbols. The ADV consistently 
underestimates the velocity measured with the Pitot tube. The difference between the two 
measurements is about 5 percent at the centerline of the duct. 
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Figure 3.13 Con~parisonof vertical velociiyprofiles measured with the ADV and with the Pitot 
tubefor two discharges 
Close to the bed the measurements taken with the Pitot tube and the ADV are in agreement, 
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but there is a region about 2.5 cm from the bed where the ADV performs poorly. In this region 
there is a significant amount of interference caused by sound reflections from the bed. When the 
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transducer is 2.5 cm from the bed, previously transmitted sound pulses are reflected off the bed 
and return to the sampling volume at the same time that a newly transmitted pulse arrives at the 
sampling volume. The reflected pulse interferes with the newly transmitted pulse. All of the 
velocities measured in this report were measured at heights of 0.5 cm, 1.5 cm, or at the centerline 
of the duct. The region 2.5 cm above the bed was avoided. 
Some of the flows in which the ADV was used were very turbulent. Correlation of the 
acoustic return signal is not as good for highly turbulent flows. As a result, some of the data 
gathered in the unsteady flow experiments was noisy and had to be discarded, and in most cases 
measurements of turbulence parameters (e.g. Reynolds stress, kinetic energy) were not very 
accurate. While maximum error on average velocity measurements was about 5 to 10 percent at 
the channel centerline, the error on velocity fluctuations was significantly higher. 
3.5 Pressure Measurements 
During some of the steady flow tests the pressure drop was measured between two pressure 
taps located on the top of the resuspension flume. The pressure drop was measured so that the 
bed shear stress could be calculated. Shear stress could only be directly measured on the top 
surface of the flume, and it was necessary to back calculate the bed shear stress from pressure 
drop and top surface shear stress measurements. The pressure taps were connected to a pressure 
transducer using rigid polyethylene tubing. Care was taken to eliminate any air bubbles that 
might be present in the tubing between the transducer and the pressure taps. The bubbles were 
removed using a set of three bypass valves. The bypass valves could also be used to disconnect 
the transducer from the resuspension facility when it was not in use. 
Pressure drop was not measured for unsteady flow tests for two reasons. First, the response 
time of the pressure transmission tubes and pressure sensor was uncertain, and the sensor may 
not have been able to pick up rapid changes in pressure drop. Second, the likelihood of water 
hammer during the unsteady flow tests made use of the sensor undesirable since the pressure 
sensor is susceptible to water hamrner damage. 
3.5.1 The Pressure Transducer 
The pressure drop was measured using a Validyne DP15-20 pressure transducer with a 
pressure range of 0 to 3.5 inches H20. The transducer has a linear pressure response, and it was 
calibrated using a manometer that had a manometer fluid with a specific gravity of 0.827. The 
calibration results are given in Figure 3.14. The output voltage of the transducer, v,, is linearly 
related to the pressure drop, p. The output of the transducer was connected to a data acquisition 
board that could be triggered by the valve control program. 
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Figure 3.14 Pressure transducer calibration curve 
The pressure transducer has an accuracy of 0.25 percent of the full scale pressure. Thus, the 
transducer is accurate to within 8.75.10" inches of water. The 12 bit AD board used to gather 
pressure drop readings does not substantially detract from the pressure drop measurement 
accuracy. 
3.5.2 Calculation of Bed Shear Stress Using Pressure Drop Measurements 
Calculation of the bed shear stress involves a method similar to the one used by Schlichting 
(1936) for determining the roughness coefficient of different materials (See Rouse, 1961 for a 
description of the experiments in English). Schlichting used a horizontal rectangular duct with a 
wide aspect ratio, a smooth top surface, and a bottom surface with the unknown roughness. The 
top of the duct was fit with pressure taps, and the pressure drop was measured along the length of 
the duct. 
The overall shear stress imparted on the flow by the duct walls was calculated using the 
measurements made with the pressure taps. According to Rouse (1961, pg 161), "...the potential 
energy may vary only in the direction of flow, and by an amount directly proportional to the 
viscous resistance of motion." By performing a force balance on an isolated section of the 
rectangular duct (where the flow is fully developed), Equation 3.20a is obtained. In Equation 
3.20a the force per unit volume of the isolated section multiplied by its volume is set equal to the 
shear stress acting on the section multiplied by the area over which the stress acts. The shear 
stress acting on the side walls of the channel can be neglected if the channel has a wide enough 
aspect ratio. The sign on the left-hand side of the equation is necessary because of the shear 
stress acts in a direction that opposes the direction of decreasing potential head. 
where L,is the length of the control volume, r,,, is the shear stress on the smooth wall, r,,, is the 
shear stress on the rough wall, ht is the height of the duct, P is the pressure head, and b is the 
width of the duct. 
If the shear stress acting on the side-walls can not be neglected and is assumed to be the 
same as the shear stress acting on the smooth top surface, Equation 3.20b can be modified to 
include the additional shear stress to obtain 
Schlichting used Equation 3.20b along with a vertical velocity profile of the duct to compute 
roughness coefficients of various materials. Equations 3.20b and 3.21 can also be used to 
calculate the bed shear stress if the shear stress on the smooth walls is measured with a hot-film 
shear stress sensor. In many of the experiments presented herein shear stress and pressure drop 
are both measured directly, malung it possible to calculate bed shear stress. Incidentally, the 
total shear stress, calculated using the pressure drop, can be less than the bed shear stress, since 
the total shear stress is an average of the shear stresses on each surface in the duct. 
3.6 Sediment Characteristics 
A detailed description of the sediment used in the moveable bed experiments is given in this 
section. The details are necessary for a complete analysis of the unsteady entrainment data. The 
characteristics given include fall velocity of the sediment through quiescent water, size 
distribution of the sediment calculated from the fall velocity, weight of individual grains, and 
average grain size based on volume. 
3.6.1 Sediment Fall Velocity in a Quiescent Flow 
The fall velocity of the sediment in quiescent water was observed for 100 sediment particles. 
Fall velocity was calculated using a high resolution digital video camera and a ruler. The ruler 
was mounted vertically in the water. Special care was taken to make sure that the ruler was 
vertical. Since the resolution of the camera was 480 pixels vertical by 640 pixels horizontal, the 
camera was rotated 90 degrees to maximize vertical resolution. The resulting viewing window 
was about 0.2 m high and about 0.15 m wide. 
The sediment was dropped close to the ruler, and the ruler was used to measure the distance 
traveled by the sediment in a specific amount of time. The ruler was necessary since the images 
captured by the camera are taken through a Plexiglas window and are slightly distorted. For the 
580 pm particles, error due to the distance measurements is estimated to be about 7.94- 1 o - ~m 
based on the number of pixels per meter. The distance measurements were on the order of 0.178 
m for all 100 particles so that the distance error was about 2~7.94-10-~/0.178, or 0.89 percent. For 
the 120 pm particles distance error is about 1 mdlOO rnrn, or 1 percent. 
Time measurements were made using the frame rate of the camera. The frame rate of the 
camera is approximately 30 frames per second. A digital watch recorded by the camera showed 
that the frame rate was accurate, but it also showed that each image was recorded over a finite 
period of time leading to a maximum error of 1/30" of a second. For the 580 pm particles, time 
measurements were on the order of 1 second leading to a maximum time error of about 3.33 
percent. Time measurements for the 120 pm particles were on the order of 10 seconds, so the 
error due to time is about 0.33 percent. Combining the time and distance measurement errors 
yields velocit) measurement errors of about 3.4 percent for the 580 pm diameter particles and 
about 1.1 percent for the 120 pm diameter particles. 
Fall velocity results are given in Table 3.2. The cumulative distribution of fall velocities is 
given in Figures 3.15 and 3.16 for the 580 pm and 120 pm diameter particles, respectively. Also 
shown in  the figures are the Gaussian cumulative distributions calculated using Equation 3.22 
and the means and standard deviations given in Table 3.2. 
F(x) = (1/(G*~~r t (2n ) ) )*ex~( - (~ -p )~ /2o~)  (3.22) 
In which, p is the mean fall velocity, o is the standard deviation of the fall velocity, and x 
and F(x) are the fall velocity and its corresponding probability, respectively. 
Table 3.2 Characteristics ofparticle fall velocity 
Nom. Diameter Number of Mean fall velocity Standard deviation 
(mm) Particles (m/s) (m/s) 
0.5 100 0.0868 0.0128 
0.1 100 0.0 1066 0.001 82 
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Figure 3.15 Distribution offall velocitiesfor 100 580 pm diameter sandparticles. A Gaussian 
curve fit of the fall velocities is also shown in the figure 
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Figure 3.16 Distribution offall velocities for 100 120 pm diameter sandparticles. A Gaussian 
curve fit of the fall velocities is also shown in the figure 
1ne Gaussian curve fits approximate the fall veiociiy di~i~ibutions quite well, although the 
fit for the 580 pm sand deviates near the mean fall velocity. The measured distribution could be 
-1 
slightly bimodal for the 580 pm sand, but 100 measurements are not enough to determine the 
exact nature of the fall velocity distribution. 
3.6.2 Size Distribution 
The equivalent spherical size distribution of the particles can be determined using the fall 
velocity distribution. In general, the drag of the sediment particles will be higher than the drag 
of a sphere with the same Reynolds number. However, Figure 3.17 (after Rouse, 1946) shows 
that if the particles are small enough they will have drag characteristics similar to those of 
spheres. Below a Reynolds number of about 100, Co appears to approach the same curve for all 
shapes. 
Figure 3 17 CoeJficient ofdrag as afunction of Reynolds number (Rouse, 1946) 
Using equations for the fall velocity of spheres to compute the size distribution of non- 
spherical particles may provide good results if the particles are small (especially in the Stokes 
range) and do not deviate too much from spherical. Particles used in the experiments have 
Reynolds numbers of about 50 or less. The size distribution of the sediment was computed using 
Gibbs's equation (Gibbs et al., 1971) which is valid for spheres in water with diameters between 
0.0063 cm and 1.0 cm. Gibbs's equation is shown by Equation 3.23 and uses units of cm and 
seconds. D, is the diameter of the sphere for which the fall velocity is being computed. The size 
distribution is shown in Table 3.3. 
Table 3.3 Computed sediment size 
Nom. Diameter Number of Mean sediment diameter Geometric standard 
(mm) Particles (mm) deviation 
0.5 100 0.583 1.14 
The nominal sediment diameters of 500 pm and 100 pm are slightly less than the sediment 
diameters computed using the fall velocity. The actual diameters of the sediment may be slightly 
different from the sizes given in Table 3.3 since the sand is not spherical. (A sieve with fixed 
mesh size will allow spherical particles of a given size through it. If the particles are not 
spherical larger particles may fit through the mesh since the sieve does not limit by average 
diameter, but by smallest cross section). The geometric standard deviations of the sand were 
computed to be 1.14 and 1.10. This corresponds to a nearly uniform size distribution. 
According to Garcia (1 995) geometric standard deviations of less than 1.3 correspond to a well-
sorted sediment distribution; a geometric standard deviation of 1 corresponds to a uniform 
sediment distribution. Results of the experiments carried out in this investigation were analyzed 
using the sand diameters given in Table 3.3 as computed from the measured fall velocities. 
4. EXPERIMENTAL METHODOLOGY 
4.1 Method of Measuring Entrainment for Unsteady Flows 
In the past, entrainment relations developed for steady, uniform flows have been applied to 
unsteady, nonuniform flows. The assumption was made that the parameters that govern 
entrainment for steady flows are the same for unsteady flows. However, since sediment can not 
respond instantaneously to changes in flow velocity it is unlikely that the steady, uniform 
relations can be universally applied to all flows. Consequently, as sediment size and/or 
unsteadiness of the flow increases it is likely that relations developed for steady flows will 
produce increasingly poor results. Since many natural and manmade f low are unsteady and 
nonuniform, it is of interest to determine the applicability of existing relations to unsteady and 
nonuniform flows and to develop an entrainment relation that can be applied to unsteady flows if 
necessary. Of course, if such a relation must be developed it should also be applicable to the less 
general case of steady flows. 
The species conservation equation governs the entrainment of sediment from a moveable 
bed. For time-varying flows, instantaneous velocities (ui) and concentration (c) can be separated 
into ensemble averaged and random fluctuating quantities, i.e., 
In which iii and E represent the ensemble averaged velocities and concentration, respectively, 
and ul and c' represent the random components of velocities and concentration, respectively. If 
molecular diffusion is neglected and suspended sediment is assumed to follow flow velocity 
except for a constant fall velocity in the vertical direction, the ensemble averaged species 
conservation equation can be written as 
Where Fi represents sediment fluxes in the three principle directions: 
Fl = iilc+ (u;cl) 
F2 = Nu2N c + ( u ~ c ' )  
F3 = (ii3- v , ) ~+ (u;cl) 
v, is the sediment fall velocity, x and t indicate direction and time, and the indices one, two, and 
three represent the streamwise, spanwise, and vertical directions, respectively. The experimental 
flows presented herein are two dimensional so that the spanwise component of the sediment flux 
(F?) is zero, and the control volume shown in Figure 4.1 applies. 
Entrainment 
Figure 4.1 Schematic representation of entrainment. Approximate location of reference level a 
is shown by the dashed line 
The two dimensional form of Equation 4.3a is integrated over the control volume in time 
and space and is then simplified to form 
In which ao. a[ .  bo. and bi are spatial extents of the control volume, and to and t l  represent the 
initial and final time of integration. Equation 4.4 shows that the amount of sediment within the 
control \.olurnr is controlled by the flux of sediment across the control surface. For the present 
case, the f lus  across the upper surface of the control volume is zero since the upper surface is 
imper\.ious. In addition. at the height bo Equation 4.3d can be simplified since the average 
vertical \.rloc~ r !  I .; zero near the bed. The flux normal to the sediment bed can then be described 
by 
Here, En is a dimensionless entrainment rate used to replace the ensemble averaged Reynolds 
concentration flux. Equations 4.4 and 4.5 are combined and E,is solved for to obtain 
Equation 4.6 can be used to experimentally determine the dimensionless entrainment rate. 
For the present set of experiments the location of the control volume is far enough downstream 
of the duct entrance (50 duct heights) so that entrance effects can be ignored. Preliminary 
measurements of velocity profiles indicate that the flow is established at the control volume, and 
suspended sediment profiles appear to be established well upstream of the control volume. In 
addition, no bedforms were observed in any of the flow tests so the roughness of the bed was 
uniform for all of the tests. All of these factors suggest that the flow is uniform at the control 
volume and that the streamwise flux of sediment into the control volume is equal to the 
streamwise flux out of the control volume. Consequently the second integral on the right hand 
side of Equation 4.6 can be eliminated, yielding 
In order to compute entrainment for the unsteady flows presented in this paper it was necessary 
to measure both the amount of suspended sediment in the water column and the near-bed 
concentration as a function of time. For steadyluniform flows the amount of suspended sediment 
in the control \.olume is constant and Equation 4.7 can be further simplified to get 
Equation 4.8has been used in the development of most existing entrainment relations. As 
long as the assumptions used to derive Equation 4.8 are correct, Es, Elbo ,and E
"
I 
bo 
will be the 
same. 
4.2 Coefficient of Friction Measurements 
In addir ion ro direct measurement of shear stress using the hot film shear stress sensors, the 
wall shear s1rr.s.. can he calculated using the centerline velocity. A 30 m long cable connects the 
shear stress sensors to the bridge. If the ambient temperature in the laboratory changes, the 
resistance of the cable changes, and prior calibrations become less accurate. Concern that the 
shear stress sensors do not maintain their calibration well makes the coefficient of friction useful. 
The relation between centerline velocity and wall shear stress is easily measured when the fixed 
bed is in place. As long as the relation between centerline velocity and shear stress holds for the 
smooth upper surface even when the bed is moveable, the shear stress on the upper surface is 
easily calculated. 
Wall shear stress and velocity are related by a coefficient of friction, Ctas shown in 
Equation 4.9 (Rouse, 196 1). 
where Fx/Ac is the force per unit area acting on the surface of the duct in the streamwise direction 
(i.e. shear stress). Equation 4.9 can be modified to form 
Data gathered during the calibration of the shear stress sensors was used to calculate the 
relation between centerline velocity and the coefficient of friction of the smooth walls. Figure 
4.2 shows the coefficient of friction as a function of the flow Reynolds number, Re,. Re, is 
based on the centerline velocity and the channel height. 
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Figure 1.2 Relation between Reynolds number and coefficient offriction for smooth duct walls 
The curve fit shown in Figure 4.2 is given by 
C f=  2.589-10-'~.Re; - 1 .404-10-~-~e ,+ 5.992-10" 
Equation 4.11 can be used to calculate the coefficient of friction when the centerline 
velocity is known and the flow is steady. Figure 4.3 shows shear stress as a function of 
centerline velocity. Both the shear stresses measured directly and the shear stresses calculated 
using Equations 4.9 and 4.1 1 are shown in Figure 4.3. The maximum difference between the 
measured shear stresses and the shear stresses calculated using the coefficient of friction is seven 
percent. 
Using the coefficient of friction to calculate the shear stress is useful only during steady 
flow tests. During unsteady tests the method may not work well since the calculated shear stress 
is based on the centerline velocity. If the flow is unsteady enough the centerline velocity will be 
out of phase with the wall shear stress and the calculated shear stress willbe erroneous. 
Velocity ( c d s )  
Figz11-c4.3 Comparison of measured shear stress and shear stress calculated using Cf 
1.3 Stead?Flow Velocity Profiles 
The test section in the resuspension flume is about 5 meters downstream of the duct inlet; 
that is? about 50 duct heights from the entrance. In order to be sure that the flow was fully 
developed when it reached the test section horizontal and vertical velocity profiles were 
compared at two cross sections. The two cross sections were located 3.5 m and 5.5 m from the 
inlet of the duct. In Figure 3.2 these two cross sections are called Station 1 and Station 2 ,  
respectively. Flow development was tested in steady flow conditions and without a moveable 
bed since the use of Pitot tubes was necessary. 
Figure 4.4 shows two sets of horizontal velocity profiles gathered with the Pitot tube at the 
two cross sections. The side walls of the channel are located at 0 cm and 30 cm. The length of 
the Pitot tube restricts measurements to half the channel width so data was reflected over the 
channel centerline to give complete horizontal velocity profiles. Figure 4.5 shows a set of 
vertical velocity profiles gathered at the two cross sections. It is clear that the horizontal and 
vertical velocity profiles do not change significantly between the two cross sections. The 
velocity profiles given in Figures 4.4 and 4.5 nearly span the range of velocities in the suspended 
sediment experiments. The profiles indicate that the flow in the resuspenSion flume isdeveloped 
by the time it reaches the test section. 
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Figure I.I Horizontal velocityprofiles at 3.5 m (Sta. I )  and 5.5 m (Sta. 2)from the duct inletfor 
high and low discharges. Profiles are reflected about the channel centerline 
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Figure 4..5 Vertical veloci@profilesat 3.5 m (Sta. 1) and 5.5 m (Sta. 2)from the duct inletfor a 
very high discharge 
The aspect ratio of the resuspension channel is only 3:1, and the flow in the duct is not 
entirely two-dimensional. Because of the low aspect ratio there is some circulation in the duct. 
However, Figure 4.4 shows that the horizontal velocity gradient is approximately zero for the 
center 20 cm of the flow field, and ADV measurements showed that the transverse component of 
velocity was a maximum of 5 to 10 percent of the streamwise velocity for most of the tests. 
Consequently, the flow is considered two-dimensional at the center of the duct. 
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5. EXPERIMENTAL RESULTS 
5.1 Quasi-Steady Results 
This section presents suspended sediment tests for which the velocity in the duct was 
accelerated from zero to a fixed amount and was then held constant. Tests were performed for 
both the 120 pm and 580 pm sand. 
5.1.1 Introduction 
The value of the plateau tests is three-fold: first, the tests demonstrate how acceleration of 
the flow field affects the suspension process; second, they demonstrate how the unsteady flow 
characteristics approach steady flow characteristics; and third, the final quasi-steady flow 
characteristics can be compared to existing theory. 
The plateau test data were difficult to gather because the sand bed was severely scoured 
after every run. Before each run the sand that had been scoured from the bed in the previous run 
had to be replaced. Repairing the eroded bed took a considerable amount of time, and, as a 
result, each plateau test contains only ten realizations (runs). Because of this the results are 
somewhat rough, and observations made in the unsteady regions of the test periods are limited. 
However, in the steady region of the tests the results are time averaged as well as ensemble 
averaged. resulting in much better mean values. 
Five tests were performed for both the 120 pm and 550 pm diameter sand. A description of 
the tests is gi\.en in Table 5.1. The velocity given is the time and ensemble averaged centerline 
velocity that was measured after the plateau was reached. For each sediment size, the 
acceleration of the flow in the constant acceleration region is also given in the table. The 
acceleration was kept the same for all of the tests in a set. 
The first sub-section below covers velocity time series gathered during the plateau tests. 
Second. the shear stress results for the plateau tests are presented. The shear stresses on the 
smooth upper surface of the flow channel are given as well as the bed shear stresses calculated 
using the pressure transducer. Finally, entrainment results are presented for the steady region of 
the tests. In each of the sub-sections, results are presented for both 120 pm and 580 pm sand 
grain diameters. 
Table 5.1 Plateau test conditions 
Test Maximum Sand diameter Realizations Final velocity Acceleration 
Valve Setting ( ~ m )  ( c d s )  (cm/s2) 
3 a  0.34 12010 69.0 22.5 
3b  0.36 12010 78.7 22.5 
3c  0.38 12010 90.4 22.5 
3d 0.40 12010 101.8 22.5 
3e 0.42 12010 112.7 22.5 
4a  0.43 58010 120.3 34.2 
4b  0.45 58010 134.4 34.2 
4c 0.48 58010 147.2 34.2 
4d 0.50 58010 161.9 34.2 
4e 0.52 5804 173.3 34.2 
-- -- 
5.1.2 Velocity Results 
The ensemble averaged centerline velocities for the five 120 pm sand plateau tests are 
shown in Figure 5.1. There is a significant overshoot before the centerline velocity reaches its 
final value, especially for the higher velocity runs. This overshoot is not as apparent for the 
lower velocities. Since only ten realizations are available for each of the tests, the mean 
velocities shown are still a bit rough. In addition, fewer realizations are used for the region 
where the velocity overshoot occurs since the ADV does not operate very well during a 5 second 
period when the suspended sediment first passes the sensor. 
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Figure 5.1 Ensemble averaged velocity distributionsfor 120 ,urn diameter plateau tests 
The ensemble averaged velocity profiles for the plateau tests for 580 pm sand are shown in 
Figure 5.2. Only the first four 580 pm velocity results are shown in Figure 5.2. The last test, 
Test 4e, had only five realizations. In order to make Figure 5.2 more readable the results shown 
are a two-point moving average of the ensemble averaged results. This makes the time 
resolution in Figure 5.2 12.5 Hz (Figure 5.1 has a time resolution of 25 Hz). 
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Figure 5.2 Ensemble averaged velocity distributionsfor 580 pm diameter plateau tests 
The velocity overshoot observed in Figure 5.1 can also be seen in Figure 5.2, though it is not 
as obvious. The overshoot also occurred in flows where sediment was not present and is a 
function of the flow unsteadiness; it is not caused by the presence of suspended sediment. 
5.1.3 Shear Stress Results 
Figure 5.3 shows the time variation of the shear stress on the upper surface for the 120 pm 
sand tests. The data shown in the figure has been time averaged using a 1125'~second moving 
average. Unfortunately, the shear stress sensors did not behave very well during the plateau 
tests. The sensors did not hold their calibration very well, and the magnitudes of the results 
shown in Figure 5.3 are not very accurate. However, the figure still offers some useful 
qualitative information. First, as expected, during the first few seconds of the acceleration the 
flow is laminar. The laminar region is also observed for the 580 pm tests, and probably 
contributes to the time lag of turbulence parameters and entrainment. Second, the shear stress 
does not overshoot its final value. Instead, it approaches its final value asymptotically. During 
the tests without sediment the velocity overshoot was observed for the channel centerline, but 
near the wall the velocity approached its final value asymptotically. Of course, the shear stress 
can be expected to behave similar to the near wall velocity. 
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Figure 5 3  Ensemble averaged shear stress distributions for 120 pm diameter plateau tests 
Tables 5.2 and 5.3 give mean shear stress on the smooth upper surface for the steady 
portions of the plateau tests. The tables also give the overall shear stress calculated for the cross 
section using pressure drop and the bed shear stress computed using the overall shear stress and 
the mean shear stress on the upper surface. The pressure drop used was measured during the 
steady portion of each test. 
Tab/') i 2 TIVICar~densemble averaged shear stress results for 120 pm plateau tests 
Test / Upper surface Total shear Bed shear 
I shear stress, T , ,~  stress, z, stress, z,,, 
(Pa> (Pa) (Pa> 
Table 5.3 Time and ensemble averaged shear stress results for 580 pm plateau tests 
1 Test 1 Upper surface 1 Total shear 1 Bed shear 1 
shear stress, r,,, stress, z, stress, z,,, 
(Pa> (Pa> (Pa> 
4a 3.21 4.24 5.96 
As was mentioned previously, the shear stress sensors did not hold their calibrations very 
well during the plateau tests. Some of the shear stress measurements taken during different 
realizations of the 580 pm sand tests were not in agreement, indicating that the shear stress 
sensors were not very accurate. The velocity could also be used to calculate shear stress on the 
smooth upper surface of the flume during steady flow tests. Results using shear stress calculated 
with centerline velocity measurements are presented in the next section. 
5.1.4 Calculation of Smooth Wall Shear From Coefficient of Friction 
As discussed in Chapter 4, the coefficient of friction, Cf, should remain constant for the 
smooth walls of the resuspension flume. Most of the head losses in the resuspension flume occur 
across the control valve. Because of this, an increase in bed roughness does not have a large 
effect on the channel centerline velocity. Consequently, the relation between the shear stress on 
the smooth walls of the flume and the centerline velocity can be used for all steady flow tests, 
whether or not there is sediment in the channel. The relation between smooth wall shear stress 
and centerline velocity that was computed when there was no sediment in the flume was used to 
compute the smooth wall shear stress during the steady region of the plateau tests. 
Bed shear stresses calculated using velocity measurements instead of shear stress 
measurements are presented in Tables 5.4 and 5.5. It is interesting to note that for the 120 pm 
sediment the total shear stress measured with the pressure sensor is almost the same as the upper 
surface shear stress calculated from centerline velocity. The 120 pm sediment is so fine that the 
120 pm sand bed can be considered hydraulically smooth. The 580 pm sand bed, however, is 
transitionally rough, and the shear stress computed for the smooth upper surface is not the same 
as the shear stress on the bed. A more complete description of roughness regimes is given later 
in Section 5.2.4. 
Table 5.4 Time and ensemble averaged shear stress results for 120 pm plateau tests computed 
assuming constant shear/velocity relation I Test 1 Smooth wall I Total shear I Bedshear I 

I I shear stress, r , ,  1 stress, ro I stress, T,,, I 

Table 5.5 Time and ensemble averaged shear stress resultsfor 580 pm plateau tests computed 
using coeficient offiiction 
Test Smooth wall Total shear Bed shear 
shear stress, r , ,  stress, ro stress, T,,, 
(Pa> (Pa) (Pa) 
4a 3.37 4.24 5.68 
4b 4.12 4.8 1 5.98 
4c 4.88 5.76 7.22 
4d 5.80 6.78 8.42 
4e 6.50 7.76 9.85 
5.1.5 Concentration Measurements 
Concentration profiles were measured as a function of time for all of the plateau tests. 
Concentration is given as a function of time at different heights above the bed in Figure 5.4 for 
Test 3,. Even though the data was ensemble averaged using ten realizations, and a moving 
average of 0.2 seconds was used to smooth out the data even further, the time variation of 
concentration has quite a bit of scatter. Still, a number of interesting observations can be made 
from the accelerating region of the plateau tests. 
First of all, the amount of scatter in the concentration measurements indicates that 
suspended sediment transport occurs intermittently. The data shown in Figure 5.4 is for 120 pm 
sand, the 580 pm sand is even more intermittent. This is because it takes a large event to 
suspend 580 pm sand and turbulent events occur periodically. It was easy to observe the 580 pm 
sand being transported intermittently as concentration "packets". Secondly, it is clear that there 
is a time lag between the sediment concentration at the bed and the concentration at levels further 
from the bed. Though the first sediment becomes entrained at about 7 seconds after the start of 
the test, sediment doesn't reach the centerline of the duct until about 11 seconds after the start. 
Finally, if Figure 5.4 is compared to Figure 5.3 a significant time lag is observed between the 
shear stress and the concentration at the bed. This time lag was unexpectedly much larger for the 
120 pm sediment than for the 580 pm sediment. 
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Figure 3.4 Time variation of ensemble averaged concentration at various elevations above the 
bedfor Test 3c 
Unfortunately, because of the scatter in the concentration measurements, reliable 
entrainment calculations could not be made during the accelerating regions of the plateau tests. 
However. for the steady plateau region of the tests entrainment could be calculated. This is done 
in the folloiving section. 
5.1.6 Quasi-Stead! Flow Entrainment Measurements 
During the quasi-steady portions of the plateau tests the concentration measurements could 
be time avsrased as \\.ell as ensemble averaged, and reliable estimates of the entrainment could 
be made. .As discussed in Chapter 4, for steady flows the entrainment is equal to the 
concentration 31 ;1 hpccified level above the bed. Concentration profiles measured with the ACP 
are sh0~i.n for rhc .rc;lJ! regions of the plateau tests for the 120 pm sediment in Figure 5.5 and 
for the 580 ,urn sediment in Figure 5.6. These profiles can be used to estimate the concentration 
at a specified le\.el above the bed. 
Unfortunately, the concentration profiles shown in Figures 5.5 and 5.6 can not be treated the 
same way as Rouse (1 957) treated concentration profiles in open channel flows. The distribution 
of eddy diffusivity in a closed channel flow is not parabolic like in an open channel flow. 
-- 
Concentration (vo 1. fj-action) 
Figure 5.5 Concentration proJiles for 120 pm steady flow tests 
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FSigilrci 6 Concentration profilesfor 580 pm steady flow tests 
The \ rrucal i.onicntration gradient is expected to be steeper for lower shear stresses. Flows 
with higher Rc! n ~ ) l J \numbers are more turbulent and tend to distribute the sand more evenly. 
For the 5 SO prn sanJ the \.ertical concentration gradient decreases with increasing shear stress as 
expected. but for the 120 urn sand the gradient increases with increasing shear stress. 
Turbulence attenuation by the suspended sand may be a cause of the difference in behavior. 
Attenuation of turbulence is more pronounced for higher sand concentrations; this may reduce 
the mixing that occurs further from the bed when higher concentrations of sand are present. 
Concentrations are significantly higher in the 120 pm sand tests than in the 580 pm sand tests. 
Garcia and Parker (1 991) suggest that three of the relations given in Table 2.1 performed 
well when compared with experimental data. The relations that performed well were those of 
Smith and McLean (1 977), van Rijn (1984), and Garcia and Parker (1991). All of these relations 
are empirical. Since for steady flows the entrainment specified at a height above the bed is 
equivalent to the concentration at that height, the relations given by Smith and McLean (1977) 
and van Rijn (1 984) can be used to calculate entrainment for steady flow tests. A comparison of 
entrainments predicted by the three relations and entrainments measured in the steady flow tests 
is given in Figure 5.7. The reference level of the concentration is located at a height of 5 mrn 
above the bed for both the Garcia-Parker relation and the van Rijn relation. The reference level 
of the Smith-McLean relation is calculated for each individual test using the equation given in 
Table 2.1. 
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Figure 5.7 Conzpavison of measured andpredicted entrainment for three methods of entrainment 
computations. Entrainment is given as volume fraction ofsediment. 
All three relations perform well for the 120 pm sand, but the Smith-McLean relation and the 
van Rijn relation do not perform as well as the Garcia-Parker relation for the 580 pm sand. The 
reference level computed for the Smith-McLean relation is over 1 cm from the bed for all of the 
580 pm sand tests. This may be too far from the bed for the relation to perform properly since 
the boundary layer in the duct is not very thick. The van Rijn relation was designed for use 
closer to the bed, and if it is used to compute entrainment at a reference level of 2.5 mrn instead 
of 5 mm the results shown in Figure 5.8 are obtained. Clearly, the van Rijn relation works better 
if the reference level is smaller. 
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Figure 5.8 Comparison of Garcia-Parker and van Rijn relations. The van Rijn relation is being 
applied nearer to the bed than in Figure 5.7 
In the sections that follow the results will be compared only with the Garcia-Parker relation. 
The Garcia-Parker relation was chosen instead of the other two relations for a number of reasons. 
The Smith-McLean relation was not used since it does not do a very good job of computing 
entrainment for the 580 pm sand, probably because of the excessive height of the concentration 
reference level. The Smith-McLean relation is also cumbersome for use with unsteady flows 
since the reference level does not remain constant. The van Rijn relation worked well at a 
reference level near the bed, but the concentration at this level could not be measured directly 
and had to be extrapolated from concentration profiles. Though extrapolating the concentration 
at the reference level is not difficult for steady flows it can not be easily done for unsteady flows 
since the shape of the concentration profile varies with time. 
The Garcia-Parker relation did a good job of predicting entrainment for all of the plateau 
tests, and was consistently more accurate than the other two relations. The concentration can be 
directly measured at the reference level chosen for the Garcia-Parker relation and the reference 
level does not vary with time, making the relation easy to implement. 
5.1.7 Comparison of Measurements With the Garcia-Parker Relation 
Tables 5.6 and 5.7 give the entrainments measured at 5 percent of the flow depth for the 120 
pm tests and the 580 pm tests, respectively. Measured entrainments are compared with the 
Garcia-Parker entrainment relation in Figure 5.9. The values of 2,shown in Figure 5.9 were 
calculated using the bed shear stresses found from centerline velocity measurements. Though 
results will be different if the bed shear stress is calculated using hot-film shear stress 
measurements instead of centerline velocity, the fit of the data to the curve shown in Figure 5.9 
does not change much since the entrainmentlshear stress curve is so steep. 
Table 5.6 Entrainment measured at 5percent of the flow depth for 120 pm sand 
Shear stress Shear stress I 
Calculated from calculated from ConcentrationI 1 hot film I velocity / at 5 percent of I 
1 1 measurements / measurements 1 flow depth I 
Test (pa) (pa) (by volume) 
3a 1.46 0.97 0.0084 
Table 5 - Entrainment measured at 5percent of the flow depth for 580 pm sand 
1I Shear stress calculated from 1 Shear stress calculated from 1 Concentration 
1
' 
hot film velocity at 5 percent of 
measurements measurements flow depth 
? i s t  (pa) (Pa) (by volume) 
Figure 5 .(I  i~inher demonstrates the proficiency of the Garcia-Parker relation for predicting 
entrainment in  the duct for both the 120 pm and 580 pm sand. Predictions are off by less than a 
factor of 2. Considering the difficulty of measuring bed shear stress, the precision necessary to 
locate the bed, and the steep concentration gradient near the bed, these predictions are quite 
good. 
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Figur-e 5 .9  Entrainment results of steady flow testsplotted against Garcia-Parker relation 
Error bars representing estimates of standard measurement error are shown in Figure 5.9. 
Measurements of Z, are less accurate for the 120 pm sand than for the 580 pm sand since the 
relative uncertainty of bed shear stress measurements increases with decreasing shear stress. 
Figures similar to Figure 5.9 will be shown later for the unsteady flow tests. Errors are not 
shown in the unsteady flow test figures because error bars would clutter the figures. However, 
measurement errors typical of the unsteady flow tests are similar in size to the ones shown in 
Figure 5.9. There is an exception: as entrainment measurements drop below about 0.005, 
concentration errors increase. This is primarily because A/Dsampling error becomes large for 
low concentration measurements. Concentration measurement errors become very large for 
concentrations of less than 0.1 percent by volume. 
Having dealt with the plateau tests, the next section looks into the unsteady pulse tests. The 
time lag of concentration that was apparent for the 120 pm sand plateau test results will play a 
significant role in the prediction of entrainment of the 120 pm sand. With this in mind, the 
suggestion by Davies (1995) to use a time lag for predicting entrainment ihperiodic unsteady 
flows will prove useful. 
5.2 Pulse Tests 
5.2.1 Introduction 
In this section velocity pulse tests above moveable beds are investigated. Three different 
pulse periods are investigated for the 580 pm sand and five pulse periods are investigated for the 
120 pm sand. Realizations for the pulse tests were much easier to gather than realizations for the 
plateau tests, and, as a result, there is a much larger number of realizations for each of the tests. 
Details of the eight sets of tests are given in Table 5.8. Accelerations and decelerations are 
approximately constant at the centerline of the duct and averages are given in the table. 
Although the valve is opened and closed at the same rate, flow acceleration is not always equal 
to flow deceleration; during tests with higher accelerations, the flow responds more rapidly when 
the valve is closing than when it is opening. Accelerations in the duct were limited to prevent 
damage to the facility by water hammer. 
Table 5.8 Pulse test conditions 
Sand Peak Pulse Average Average 
diameter Number of velocity duration acceleration deceleration 
Test (pm) realizations (cmls) (s) (cm/s2) (cm/s2) 
5a 120 60 10 1 7.5 28 25 
5b 120 60 104 15.0 13 13 
5c 120 100 96 3.45 59 55 
5d 120 100 142 4.6 60 68 
5e 120 100 139 2.72 108 142 
6a 580 60 186 4.39 85 102 
6b 580 80 141 7.9 35 40 
6c 580 60 153 15.7 20 20 
5.2.2 Centerline Velocity and Upper Surface Shear Stress Results 
Ensemble averaged centerline velocity and shear stress profiles for the eight pulse tests are 
shown in Figures 5.10 through 5.17. The figures, especially Figures 5.15 and 5.16, indicate that 
the shear stress on the upper surface leads the velocity. For tests 5a and 5b with the 120 pm sand 
the phase lead of the shear stress appears to be negligible. Since turbulence is suppressed during 
acceleration some of the shear stress profiles for the 120 pm sand tests are asymmetric. The 
shear stresses shown in the figures were measured using a hot-film sensor because the shear 
stresslcenterline velocity relation is not valid for the unsteady flows (because of phase 
differences between the shear stress and the velocity). 
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Figure 5.10 Ensemble averaged velocity and shear stress distributions for Test 5a 
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Figure 5.11 Ensemble averaged velocity and shear stress distributionsfor Test 5b 
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Figure 5.12 Ensemble averaged velocity and shear stress distributionsfor Test 5c 
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Figure 5.13 Ensemble averaged velocity and shear stress distributionsfor Test 5d 
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Figure 5. 14 Ensemble averaged velocity and shear stress distributions for Test 5e 
---- Shear stress 
-
-
,./' ?, 
' - . - - \ - - . ~ .
.-
I 1 I I 
2 3 
Time (s) 
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Figure 5.16 Ensemble averaged velocity and shear stress distributions for Test 6b 
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Figure j.17 Ensemble averaged velocity and shear stress distributionsfor Test 6c 
5.2.3 Entrainment Results 
Figures 5.18 through 5.25 show ensemble averaged time varying entrainment (given as 
volume fraction) with corresponding smooth wall shear stress distributions for the eight tests. 
Using Equation 4.7, entrainments have been calculated at a height of 5 mm from concentration 
measurements in the resuspension flume. Entrainment lags behind shear stress in all cases. For 
580 pm sediment the time lag is small, and the time lag is only obvious during the decelerating 
region of the flow with the shortest period. The time lag is more obvious for the 120 pm 
sediment; and will have to be accounted for in entrainment calculations. Since the number of 
realizations for each test was small, moving averages with averaging periods of 0.5 seconds or 
less were used to smooth out the entrainment curves. 
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Figure 5.18 Ensemble averaged entrainment and shear stress distributions for Test 5a 
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Figure 5.19 Ensemble averaged entrainment and shear stress distributions for Test 5b 
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Figure 5.20 Ensemble averaged entrainment and shear stress distributionsfor Test .5c 
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Figure 5.21 Ensemble averaged entrainment and shear stress distributions for Test 5d 
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Fzg~rr-e3.22 Er~semble averaged entrainment and shear stress distributions for Test 5e  
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Figure 3.23 Ensemble averaged entrainment and shear stress distributionsfor Test 6a 
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Figure 3.21Ensemble averaged entrainment and shear stress distributions for Test 6b 
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Ejz\ cnt ble averaged entrainment and shear stress distributions for Test 6c 
5.2.3 Bed Shcar Stress Calculations 
The shcx strcbs distributions shown in Figures 5.10 through 5.25 were measured on the 
smooth uppcr z u r l c t *  of the resuspension flume. A method for determining bed shear stress is 
necessar) so 11131entrainment results can be compared with existing relations. For the steady 
flon- tests pressure drop was measured and the bed shear stress was derived from measurements 
of the smooth \+all shear and the total shear. For the unsteady flow tests this method was not 
applicable. Pressure drop was not measured during unsteady flow tests to avoid damage to the 
pressure transducer by water hammer, and because the time response of the pressure transducer 
was limited. 
In order to account for the difference between smooth wall shear stress and bed shear stress 
it was assumed that the ratio of bed shear stress to smooth wall shear stress is the same for 
unsteady flows and steady flows. The measured shear stresses can then be multiplied by a 
correction factor in order to get the shear stress at the bed. Figure 5.26 shows the bed shear as a 
function of smooth wall shear for all of the steady flow tests. 
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Figure 3.26 Bed shear as afunciion ofmeasured shear for the mo sand sizes as measured 
during steady flow tests 
The bed shear is nearly the same as the smooth wall shear for the 120 pm sand, so that no 
correction is necessary for the 120 pm sand tests. This is not unexpected, since the 120 pm sand 
produces a roughness length that is small enough so that the wall may be considered smooth for 
the flows being examined. According to Nezu and Nakagawa (1993), the bed can be considered 
smooth as long as k,' < 5, with k: given by 
k, is the bed roughness and is considered to be equal to the sand grain diameter. For the 120 pm 
sand tests the maximum shear velocity is approximately 0.05 mis so the maximum value of k,' is 
zbmt 5 .  
During the 580 pm sand tests the peak shear velocities are higher, as high as 0.07 m/s, and 
the roughness length is significantly higher. An approximation of the peak value of k: is about 
40. According to Nezu and Nakagawa (1993) this is an incompletely rough bed (for a 
completely rough bed k; > 70). Figure 5.26 indicates that the ratio of bed shear stress to smooth 
wall shear stress is linear for a wide range of shear stresses. For the 580 pm sand, the bed shear 
is about 1.5 times greater than the smooth wall shear so the measured shear must be multiplied 
by a factor of 1.5 in order to get the correct bed shear in the unsteady flow tests. 
The use of a linear relation between measured shear and bed shear is justified for the 120 
pm sand since the 120 pm sand bed is expected to behave like a smooth wall. For the 580 pm 
sand bed the premise is not so easily justified, and is based primarily on observation of Figure 
5.26. However, it is reasonable to assume that Equation 4.9 can be applied to both the smooth 
upper surface and the rough sand bed (with different friction coefficients, of course). As long as 
the ratio of the friction coefficients of the two surfaces is constant, the ratio of the bed shear 
stress and the measured shear stress will also be constant. Figure 4.2 shows that for a smooth 
surface the coefficient of friction is a weak function of the Reynolds number. If the coefficient 
of friction of the rough bed is also a weak function of the Reynolds number, the ratio of the two 
coefficients will be nearly constant, providing a possible explanation for the linear relation 
observed in Figure 5.26. 
5.2.5 Entrainment Function Comparisons 
The Garcia-Parker relation was used to calculate entrainment as a function of shear stress. 
Entrainment was also calculated for the unsteady flow tests using Equation 4.7. Entrainment is 
plotted against the Garcia-Parker entrainment parameter 2,in Figure 5.27. 2,is defined in Table 
2.1. The results shown in Figure 5.27 demonstrate that the relation predicts entrainment well for 
all of the 580 pm sand tests except for some of the data gathered during the deceleration period 
of Test 6a. Entrainment rates predicted for the 120 pm sand are less accurate, especially during 
decelerations where the measured entrainments are much higher than expected. In addition, the 
120 pm sand stays entrained well after the mean shear stress goes to zero. This was observed 
during the tests, and is also apparent in Figures 5.18 through 5.22. There is a significant amount 
of residual turbulence after the mean bed shear stress drops to zero; this residual turbulence 
keeps the 120 pm sand entrained well after the amount of time it would take for the sediment to 
drop out at the quiescent flow fall velocity. The same effect is observed for the 580 pm.sand 
during Test 6a, but the 580 pm sand is less affected by the residual turbulence than the 120 pm 
sand since it takes a lot more turbulence to keep the 580 pm sand entrained. 
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Figure 5.27Unsteady experimental data plotted along with Garcia-Parker relation 
5.2.6 Entrainment During Acceleration 
Entrainment observed during acceleration of the flow behaves differently than that observed 
during deceleration so the two regimes are shown separately. Figure 5 -28shows entrainment as 
a function of 2,during the acceleration of the unsteady flow tests. 
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Figure 5.28 Unsteady experimental results for acceleratingflow 
Although predictions of entrainment during acceleration are not terrible, they can be 
significantly improved by taking time lags into account. Figure 5.29 shows the experimental 
data gathered during the flow acceleration period with the time lag corrected in all of the tests. 
Time lags of 0.06, 0.12, and 0.29 seconds were estimated for Tests 6a, 6b, and 6c, respectively. 
Time lags of 0.53, 0.72, 0.26, 0.29, and 0.03 where estimated for Tests 5a, 5b, 5c, 5d, and 5e, 
respectively. 
Time lags were determined by finding the difference between the times when the peak shear 
stress and peak entrainment occurred. Time lags for all of the tests were small, and although the 
estimated entrainment time lags improve entrainment predictions, accuracy of the time lag 
estimates is limited. Nevertheless, the results indicate that time lag of the entrainment is 
inversely related to flow acceleration. 
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Figure 3.29 Unsteady experimental results for acceleratingflow. Time lags are used 
5.2.7 Entrainment During Deceleration 
Figure 5.3G shows entrainment as a function of Z, during the deceleration period of the 
unsteady flow tests. The experimental data falls on top of the Garcia-Parker relation for the 580 
pm sand tests, but the 120 pm sand test data exhibit considerable scatter. 
The comparisons given in Figure 5.30 can be improved by reintroducing the time lags 
discused in Chapter 5 - 2 6  Figure 5.3 1 shows the experimental deceleration data for the eight 
tests with time lags used for all of the tests. 
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The Garcia-Parker relation does a good job of predicting entrainment for all of the 580 pm 
100 
sand tests in the decelerating regime, especially when time lags are used. However, despite 
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Figure j.31 iinsteudy experimental resultsfor deceleratingjlow with time lags introducedfor all 
of the tests except Test 5e 
improvements in predicting the entrainment due to the introduction of time lags, entrainment of 
the 120 pm sand is still largely under-predicted in the decelerating flow regime. Entrainment is 
also slightly under-predicted in Test 6a, when the acceleration is quite high and the bed shear 
stress approaches zero. In addition, there is a large amount of scatter in the 120 pm sand data 
shown for the decelerating regime. Some of the scatter in the 120 pm sand data could be 
eliminated by gathering a much larger number of realizations. 
The under-prediction observed in the decelerating regime is a result of the high levels of 
turbulence that remain even after the average velocity and average shear stress return to zero. 
Figure 5.32 shows the time variation of the velocity and concentration at different heights above 
the bed for Test 5a. The time lag of the concentration time series (which is related to the time 
lag of the entrainment) is obvious in the figure. In addition, the concentrations observed in the 
duct become more homogeneous as the flow decelerates to zero, and increased mixing ;educes 
the rate at which the sediment settles out of the flow. The coarse 580 pm sediment is only 
slightly affected by the turbulent mixing and settles out almost immediately for the experimental 
flows that were observed. 
There are two effects that higher levels of turbulence can have on the entrainment equation 
(Equation 4.7). The first effect is through the entrainment term itself. Higher levels of 
turbulence can increase the amount of sediment lifted off the bed. In other words, the residual 
turbulence causes more entrainment than predicted with steady state forrnulations. The second 
effect is through the fall velocity. Increased levels of turbulence decrease the effective fall 
velocity b y  keeping suspended sediment in the water column. The second effect does not 
actually change the entrainment, it causes erroneous measurement of entrainment. If the fall 
velocity is  reduced? deposition is overestimated, causing an overestimate of entrainment when 
Equation 1.7is used. 
Entrainment and deposition could not be directly measured with our instrumentation. 
Instead, entrainment was calculated from the total flux and the assumption that deposition was 
equal to the concentration directly above the bed multiplied by a constant fall velocity. 
Consequently, it can not be conclusively determined if the primary effect of the turbulence is to 
reduce the effective fall velocity or to increase entrainment. However, since the concentration in 
the water column becomes more homogeneous as the shear stress drops, a decrease in the 
effective fall velocity is likely. If the decrease in fall velocity is the only effect of the increased 
levels of turbulence, the entrainment given by the Garcia-Parker relation is correct, and the 
problem is that deposition is over-predicted. 
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Figure 5.32 Time series of centerline velocity and concentration at various elevationsfor Test ja 
Upon closer observation of measured entrainment of the 120 pm sand (entrainment 
measurements are shown in Figures 5.18 through 5.22), it was found that during deceleration, 
entrainment decays with time at a rate that is approximately the same for all decelerations. In 
other words, the measured entrainment of 120 pm sand appears to be independent of 
instantaneous shear stress during deceleration. Two idealized time series of measured and 
predicted entrainment, given in Figure 5.33, show this more clearly. The figure shows ensemble 
averages of measured and predicted entrainment during 120 pm sand tests with two different 
accelerations. Figures 5.33a and 5.3313 each have three curves representing entrainment 
calculated from shear stress, entrainment computed from concentration measurements and 
Equation 4.7, and entrainment predicted using shear stress and a time lag; the three curves are 
labeled "predicted", "measured", and "time lag", respectively. As shown previously, the time 
lag improves prediction of measured entrainment during acceleration, but during deceleration the 
time lag does not significantly improve prediction of the measured entrainment. 
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Figure j.33 idealized schematic of ensemble averaged entrainment as afunction of time for 120 
pm sand rests with periods of(a) 5 seconds and (b) 10 seconds. Entrainment is calculatedfvom 
shear srr-ess measurements, concent~ation measurements, and using time lag corrections 
During deceleration. The idealized, measured entrainrnents shown in Figures 5.33a and 
5.33b displa! equi\.alent decay rates, as was observed in actual entrainment measurements. 
Some of the difl~crt.ncr (possibly most of the difference) between measured and predicted 
entrainmenr is due 10 reductions in settling rate. However, no conclusive proof can be given that 
settling rarc is acr u-! I! reduced; so the measured entrainment gives an upper limit of the actual 
entrainment lh31 O i i u r b  during deceleration. It is likely that during deceleration the actual 
entrainment is the same as or more than the predicted entrainment but less than the measured 
entrainment. 
Assuming that a decrease in the effective fall velocity is the primary cause of the 
discrepancy between measured and predicted entrainment, Equation 4.4 can be modified to form 
In which v, is the new fall velocity of the sediment. The entrainment must still be multiplied by 
the original fall velocity, v,, since the entrainment is dependent on sediment characteristics, not 
characteristics of the outer flow. Based on these assumptions, Equation 5.2 can be rewritten as 
Equation 5.3 is the same as Equation 4.7 except for a fall velocity correction of the 
deposition term (the term on the far right-hand side of Equations 4.7 and 5.3). The correction 
term is always less than or equal to one and is used to correct for reductions in fall velocity. v,/v, 
is given as a function of the time lag after the peak velocity for Tests 5a through 5e in Figure 
5.33. Test j b  is longer than the other tests, and 11 seconds after the test begins sand entrained at 
the flume entrance reaches the test section. Since excessive entrainment occurs at the flume 
entrance (because of a large scour hole that develops there), data gathered 11 seconds after the 
start of Test j b  is rejected. All of the other tests were short enough so that the sand entrained at 
the entrance of the flume does not reach the test section during the course of the test. 
correction term was estimated by assuming that the Garcia-Parker relation 
was correct. Then. the correction tern  was adjusted until the entrainment calculated using 
Equation 5.3 matc hcd the entrainment predicted using the Garcia-Parker relation. The fall 
velocit! correct ion term time series are similar for the five tests, but the fall velocity correction is 
more significant iix tests with higher accelerations. Clearly, if the acceleration of the flow is 
smaller the suspcndcd sediment has more time to reach its equilibrium state and the fall velocity 
ratio \$-ill be closer to 1 . In addition, the time lag of the fall velocity ratio is larger for the tests 
with lo\vsr accr lerat ions. This is also expected since the time lag of the turbulent kinetic energy 
is greater for the tests with lower accelerations, and the ability of the sediment to remain 
suspended is related to the turbulent kinetic energy. 
!.i toc\.el1The fa1 
Time lag (s) 
Figure 3.31Ratio of estimatedfall velocity to quiescentfall velocity as afunction oftime lag 
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The fall velocity ratio is plotted as a function of the ratio of the time lag to the period of the 
test in Figure 5.35. The periods of Tests 5a, 5b, 5c, 5d, and 5e were 7.5, 15, 3.5, 4.6, and 2.7 
seconds, respectively. 
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Although the use of test period to dimensionally reduce the time lag lines up the fall velocity 
ratio curves better, the magnitude of the acceleration has a significant impact on the fall velocity 
reduction. It should be kept in mind that higher levels of turbulence are not the only things that 
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decrease fall velocity. Fall velocity may also decrease because of the higher concentrations of 
sediment in the water. An upward flow of water is necessary to replace the falling sediment. 
This upward flow reduces the sediment settling velocity. 
For the highest acceleration the fall velocity ratio becomes negative. This is not possible, 
and leads to the conclusion that in addition to fall velocity reduction there must also be some 
entrainment occurring due to the residual turbulence. Accordingly, another relation is developed 
in the following section to provide an upper limit of the entrainment that occurs during 
deceleration. The relation presumes that measured entrainment equals actual entrainment, and 
that there is no reduction in settling rate of the sand particles. 
5.2.8 Shear Velocity History Model 
For unsteady flows not only the instantaneous shear stress, but also the history of the shear 
stress influences the amount of entrainment. The history of the shear stress can be used to model 
the time lag of the entrainment, reductions in fall velocity that occur during deceleration, and 
increases in entrainment that occur because of residual turbulence. The experimental results 
indicate that the shear stress has an influence on entrainment that exponentially decays with time. 
For the 580 pm sand the decay is rapid, and no correction is necessary, but for the 120 pm sand 
the decay takes more time. The empirical model developed herein accounts for reductions in fall 
velocity and increases in entrainment due to the unsteadiness of the flow. 
The Garcia-Parker relation is an empirical relation. The entrainment parameter, Z,, contains 
information about particle and fluid properties (fall velocity, sediment size, sediment and fluid 
density, and fluid viscosity) and flow properties (shear velocity). 2,can be incorporated into a 
relation that accounts for the history of the shear stress; this is done in such a way that the 
Garcia-Parker entrainment parameter will emerge when the flow is steady. The form chosen for 
the history relation is 
In which Z,,, is the corrected value of 2,.To predict measured entrainment in unsteady flows, 

Z,,, is used instead of Z, in the Garcia-Parker relation. to and t are the initial and current times, 

respectively. B is the exponential decay of the influence of the shear velocity history on the 
entrainment and is empirically determined. Finally, n is an empirically determined exponent. If 
the flow is steady, Z, can be pulled out of the integral, and Z,,, becomes the same as Z,. For the 
120 pm sand Equation 5.4 works best when n was set equal to 4; this is shown by Equation 5.5. 
Equation 5.5 accounts for both the time lag of the entrainment and a slight increase in the 
steepness of the entrainment function due to the flow unsteadiness. 
It is difficult to tell whether Equation 5.5 will work well for other sediment sizes since only 
one of the two sizes tested required a history function. Figure 5.36 shows the entrainment as a 
function of the corrected values of Z,. B is a function of sediment size or K,. For the 120 pm 
sand B was about 1 .  It was not possible to get an accurate estimate of B for the 580 pm sand 
tests because of experimental error. However, correction of Z, is unnecessary over the range of 
experiments performed with the 580 pm sand, suggesting that B is large. Consequently, the 
measurements shown for the 580 pm sediment in Figure 5.36 do not employ Equation 5.5 to 
correct 2,. 
Figure 5.36 demonstrates that Equation 5.5 performs quite well over the range of 
accelerations co\.ered in the 120 pm sediment tests. For Test 5e, the test with the hlghest 
acceleration. the measurements deviate somewhat from the predicted entrainment. The deviation 
occurs prirnari 1) 31 higher shear stresses for higher levels of entrainment. The deviation could be 
because ol'expcrinlcntal error, or the entrainment may be slightly higher for very high 
accelerations. 
Figure j.36 
Care must be taken when applying Equation 5.5. The equation is not very robust and 
produces inaccurate results if the shear stress approaches zero too rapidly. In addition, the decay 
of sediment concentration observed in the flume may not be the same as the decay that would be 
observed in other flow situations. However, the equation works well for approximating the 
entrainment measurements observed in this report, providing an upper limit for the actual 
entrainment. 
6. TIME RESPONSE OF SEDIMENT 
6.1. Entrainment Time Lags 
Wave related sediment entrainment has been explored by a number of researchers, including 
Davies (1 995), Nielsen (1 992, 1988), and Horikawa et al. (1 982). Oscillatory flows with 
suspended sediment shown by Nielsen (1 992) and Horikawa et al. (1 982) demonstrate a phase 
difference between the peak sediment concentration at various levels in the flow and the peak 
velocity. The phase difference generally increases with distance from the bed, and the phase 
difference may be negative near the bed where the shear stress often leads the velocity. Davies 
(1 995) showed that the phase difference between peak near-bed concentration and peak velocity 
is important for the computation of suspended load. Clearly, the greatest amount of suspended 
sediment transport will occur if the highest average sediment concentration coincides with the 
peak velocity, since sediment flux is the product of concentraf011 and ~clocitji. 
Using a time lag has also been shown to improve entrainment calculations. Only two 
particle sizes were used in the experiments and there were only eight sets of pulse tests, so it is 
difficult to determine the exact nature of the relationship between time lag, flow acceleration, 
and sediment size. Estimated time lags are shown for the eight tests in Table 6.1. Time lags 
were calculated as the difference between the time of the peak shear stress and the time of the 
peak entrainment. The hysteresis between shear stress and entrainment can not be eliminated for 
the 120 pm sediment because of the fall velocity reduction that takes place during deceleration, 
but use of time lags still significantly improves entrainment predictions. 
Table 6.1 Time lag o f  entrainment behind shear stress 
Dimensionless 
acceleration, Re S St Time lag 1 1 1 1 
Test kP A,  (s) 
5a 4.9 1 .3.104 2.79.10' 0.163 4.32 0.53 
5b 4.9 7.4-lo-' 5.92-lo5 0.076 1.78 0.72 
Also given in the table are the particle Reynolds number, average dimensionless acceleration 
(See Equation 6.2), wave Reynolds number, Strouhal number, and turbulent Stokes number. 
The results in Table 6.1 indicate that the entrainment time lag is inversely related to the 
dimensionless acceleration. Time lag of the entrainment increases with decreasing flow 
acceleration for both sediment sizes. This is probably related to the increase in time lag of the 
kinetic energy that occurs with a decrease in flow acceleration. Since turbulent fluctuations 
carry the sand, a time lag in the turbulence will lead to a time lag in the measured entrainment. 
The response of the entrainment to changes in shear stress is slower for the 120 pm sand 
than for the 580 pm sand. This behavior reflects differences in the roughness regimes 
corresponding to the two sediment sizes. It is difficult to predict the exact response of particles 
with different Reynolds numbers and how the particles will behave at higher accelerations. At 
some magnitude of acceleration the inertia of the particles will become important and the 
particles will no longer be able to respond to the flow; this acceleration appears to be well 
beyond the capabilities of the current facility. 
6.2. Propagation of turbulence and concentration 
Observations of the amount of time that it takes for turbulence to be produced and 
transported from the wall to a point away from the wall provide insight into the behavior of 
suspensions in unsteady flows. In this section propagation times of concentrations will be 
compared with propagation times of turbulence. The time lag of turbulence increases with 
decreasing flow acceleration. Time lags of entrainment should have trends similar to those of 
turbulence time lags. The time lag is probably a function of both the particle size and the flow 
Reynolds number. Entrainment time lag is dependent on the level of turbulence fluctuations, and 
both the roughness of the bed and the flow Reynolds number affect the turbulence levels. 
Ramaprian and Tu (1982) have investigated propagation times of turbulence intensity in 
unsteady flows. propagation time referring to the amount of time required for turbulence to be 
produced and transported from the wall to some point in the flow. There are two contributors to 
the time lag between velocity and turbulence parameters observed in unsteady flows: first, 
turbulence production is suppressed during flow accelerations, and second, the actual transport of 
the turbulence away from the wall takes time. 
Figure 6.1 shows the time lag between the peak cross sectional velocity and the turbulence 
intensity. Note that Rarnaprian and Tu (1982) used the ensemble averaged cross sectional 
velocity instead of the centerline velocity in order to determine phase lags of the different 
components. However, the time lag between ensemble averaged cross sectional velocity and 
centerline velocity is small compared to the time lags of other turbulence parameters. The time 
lag has been scaled with the mean shear velocity U, ,and the radius of the pipe R. q is y (the 
distance from the wall) divided by R. As expected, the time lag of turbulence propagation 
increases with distance from the wall, and a reasonable collapse of the data is obtained for the 
range of Reynolds numbers given. 
Close to the wall the curve shown by Figure 6.1 is steeper than it is further from the wall. 
Close to the wall the ability of large turbulence structures to rapidly transport turbulence in a 
direction normal to the wall is limited, but away from the wall the large structures may help to 
transport turbulence more rapidly. Thus, although propagation time increases with distance from 
the wall throughout the entire boundary layer, the slope of the propagation time - elevation curve 
is steeper close to the wall. 
Although the data shown in Figure 6.1 that was gathered by Mizushina et al. (1975) for 
different Reynolds numbers collapses fairly well, Rarnaprian and Tu (1982) and Kita et al. 
(1 980) suggest that v/Ut may work better as a time scale than R/U, in the inner layer 
(approximated by q<0.15). Ramaprian and Tu graphically show that v / g f  works quite well for 
collapsing the data given by Mizushina et al. for unsteady flow above a smooth walled pipe. 
The tests performed by Rarnaprian and Tu, Kita et al., and Mizushina et al., were all 
performed in circular pipes. The tests presented here are in a rectangular duct. Consequently, 
height above the bed is scaled with half the duct height in the outer region. Near the wall, in the 
region that is of most interest when modeling entrainment, the appropriate length scale for a 
smooth wall is v/u, and v/Di is the proper time scale. For the tests results presented here, 
however, the bed is not smooth for the 580 pm sand tests, making use of the length and time 
scales v/u, and v/U: questionable. Thus, instead of using the near wall scaling parameters to 
compare test results, R/U, and R were used as time and length scales as in Figure 6.1. 
Measurements of turbulence intensity (u', ) were made near the wall for unsteady flow 
tests that were performed without sediment and for 580 pm sand moveable bed tests. During the 
120 pm sand tests velocity could not be measured near the wall because the high concentrations 
of sand interfered with the operation of the ADV. It is not unreasonable to assume that for 
similar test conditions, velocity distributions observed in flows without a moveable bed will be 
somewhat similar for flows with a 120 pm sand bed. As discussed previously, by Nezu and 
Nakagawa's (1993) definition the 120 pm smd bed c m  be considered hydrslulic.ally smooth over 
the entire range of test conditions presented in this report. 
Measurements of turbulence intensity included readings at 0.5 cm and 1.5 cm above the bed 
for tests in which the bed was fixed, and readings at 0.5 cm above the bed for the 580 pm sand 
bed tests. Concentration profiles were measured for both the 120 pm sand tests and the 580 pm 
sand tests. The profiles extend from 0.37 cm to about 9 cm above the bed. Distributions of the 
time varying turbulence intensity and centerline velocity show that the peak turbulent intensity 
occurs well after the peak centerline velocity. Distributions of the time varying concentrations 
and centerline velocity show that peak concentrations also lag the peak centerline velocity; the 
size of the time lag increases with distance from the bed. 
Table 6.2 gives the values of U, and the length and time scales R and RIU, for the tests. 
Figure 6.2 shows the dimensionless time lags of the 120 pm and 580 pm sand concentration 
peaks as a function of dimensionless height. Despite significant differences between the data 
gathered by Ramaprian and Tu and the current data set, the data shown inTigure 6.2 collapses 
fairly well. There are significant differences between the behavior of the 580 pm sand and the 
120 pm sand, however, especially near the wall. All of the 120 pm sand tests display a time lag 
between concentration and centerline velocity, even immediately above the bed. For the 580 pm 
sand tests no time lag is observed near the bed. The differences in behavior observed in Figure 
6.2 are probably due to differences in flow acceleration and particle Reynolds number. 
Table 6.2 Length and time scales usedfor collapsing propagation time data 
-
Test Sand Diameter u, R R/U,(run) (mls) (m) (s) 
5a 120 0.019 0.05 2.69 
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6.3 Entrainment predictions 
Additional information about the velocity pulse data set is presented in Table 6.3. The wave 
Reynolds number, Re,, and a dimensionless number that,indicates how rapidly the shear velocity 
changes with time, A,,,were computed and are given in the table. The wave Reynolds number 
has been given by Freds~eand Deigaard (1992) as 
U ~ T
Re,. =-
2nv 
For periodic waves U, is the amplitude of the oscillatory velocity, T is the duration of the 
velocity wave: and v is the kinematic viscosity. The velocity pulses described herein are not 
periodic; so T was taken to be the pulse duration and U, was taken to be half of the peak 
velocity (as though the pulse was one cycle of a periodic wave). The dimensionless acceleration, 
Where fi, is the shear velocity time averaged over the pulse duration. The variables v, g, R, and 

Ds are introduced to make the average acceleration of the shear velocity, 4G,/T ,dimensionless. 

Table 6.3 Pulse flow test conditions 
Test 
Sand 
diameter 
(urn) 
R, 
Number of 
realizations 
Peak 
velocity 
(cm/s) 
Velocity pulse 
duration 
(s) 
A ,v Rew 
Figure 6.3 shows the predicted and measured entrainment time series of each of the pulse 
tests given in Table 6.3. The Garcia-Parker relation and the shear stress measurements gathered 
during each of the tests were used to compute the predicted entrainment. The measured 
entrainment was computed using Equation 4.7 and the sediment concentration measurements. 
The measured and predicted entrainment rates shown in Figure 6.3 are generally in agreement 
except for a time lag between them. The time lag between the predicted and measured 
entrainment is a result of the time lag between bed shear stress and concentration measurements. 
Since changes in the amount of suspended sediment in the water column have a different 
time lag than the near-bed concentration, the time lag of the entrainment is not always the same 
as the time lag of the near-bed concentration. For coarse sand, however, the time lag of the 
entrainment and the time lag of the near-bed concentration are often similar. Vertical 
concentration profiles are much steeper for coarse sand than for fine sand, and a much higher 
percentage of the coarse sand that is suspended travels near the bed. Consequently, the time lags 
of the entrainment and the near-bed concentration will be more similar for coarse sediment than 
for fine sediment. 
Despite timing differences between predicted and measured entrainment, the predicted and 
measured total amounts of sediment entrained by a velocity pulse have been compared. Table 
6.4 gives the total predicted and measured amounts of sediment entrained (volume of sediment 
per unit area of bed) for each of the tests. Considering the steep slope of the Garcia-Parker 
119 
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Figure 6.3 T I ~ ? ICseries showing both measured andpredicted entrainment for pulse tests 
relation, the limited accuracy of the results given in Table 6.4 is not unexpected, and as 
suspended sediment transport relations go, the predictions are quite good. 
Table 6.4. Com~arisono f  Measured and Predicted Total Entrainment for Pulse Tests 
Total volume ofsediment 
entrainedper unit bed area Percent 
Test Period Measured Predicted Difference 
(s) (m3/m ' )  (m3/m2) 
Differences between predictions and measurements cannot be blamed entirely on the 
accuracy of the Garcia-Parker relation. Measured entrainment is higher than expected during 
flow deceleration, and for some of the tests 120 pm sand remains entrained well after the average 
bed shear stress drops to zero. Consequently, the total predicted entrainment is less than the total 
measured entrainment in all of the 120 pm tests. There are two possible explanations for the 
high values of measured entrainment. The first explanation is that the effective fall velocity of 
the sand is reduced by the residual turbulence. In other words, the sand is falling out of 
suspension at a lower rate than it would in a quiescent flow. Reductions in the effective fall 
velocity cause errors in the calculation of measured entrainment when Equation 4.7 is used; in 
this case the actual entrainment will be less than the measured entrainment. The second 
explanation is that the residual turbulence continues to entrain sediment even after the average 
bed shear stress drops to zero (experiments performed by Rouse (1938), in which sediment was 
entrained by an oscillating grid, are a good example of entrainment that occurs even when the 
average bed shear stress is zero); in this case the Garcia-Parker relation is inadequate for 
predicting all of the entrainment. Either or both of these explanations may contribute to the high 
values of measured entrainment. Measurement uncertainty aside, as long as time lags have been 
corrected for, it is likely that the actual entrainment lies somewhere between the measured and 
predicted entrainment rates. 
6.4 Prediction of Time Lags 
6.4.1 Phase Lags of Peak Concentration Measurements 
The time lags of peak concentration after peak shear stress have been identified for all of the 
unsteady flow tests. Time lags were converted to phase lags (in degrees) by dividing the time lag 
by the pulse duration @ulse duration is equivalent to the flow period for periodic flows) and 
multiplying by 360 degrees. Phase lags are plotted as a function of dimensionless elevation, q, 
in Figure 6.4. q equals 2ylh where y is the elevation above the bed and h is the duct height. Half 
of the duct height is generally taken to be the characteristic length of a duct since this distance 
defines the thickness of the boundary layer. 
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Figure 6.4 shows that the phase lag of the peak near-bed concentration is different for the 
different tests. In addition, the slopes of the curves shown in Figure 6.4 vary between tests. 
According to Equation 4.8, near-bed concentration is the same as entrainment for steady flows. 
For unsteady flows the near-bed concentration is not the same as entrainment, but it is still 
closely related to the entrainment. Consequently, the dimensionless parameters that influence 
the time lags associated with near-bed concentrations will also influence the time lags associated 
with entrainment. In Figure 6.5 phase lag of the peak near-bed concentration is plotted against 
the dimensionless shear velocity acceleration. The phase lag increases with increasing 
acceleration for the 120 pm sand, but is relatively constant for the 580 pm sand. 
Figure 6.5phase lag of near-bed concentration as afunction ofAW 
It is interesting that the phase lags (and time lags) of the near-bed concentrations of 120 pin 
sand are significantly higher than for the 580 pm sand despite the fact that the inertia of the 120 
pm sand is much less. However, there are two basic differences between the 120 pm tests and 
the 580 pm tests; sand particle size and flow conditions. Both of these differences have an effect 
on the phase lag between shear stress and near-bed concentration. 
Particle size can influence the phase lag in three ways. First, smaller particles react more 
rapidly to a f l o ~  acceleration than larger ones since they have less inertia. Second, smaller 
particles may be immersed in the viscous sublayer where they can only be dislodged by larger 
turbulent fluctuations. And finally, a bed composed of 120 pm sand is not as rough as one 
composed of 580 pm sand, and turbulent fluctuations produced by the bed may be lower. 
Reduction in bed roughness is also likely to delay the onset of turbulence. Since phase lag of the 
near-bed concentration is larger for the smaller particles, the inertia of the particles does not 
seem to be a dominant factor. 
Flow conditions are also important. The phase lag is greater for the 120 pm tests, but the 
shear stresses and flow velocities are also lower. Since the flow does not have as much energy 
for the 120 pm sand tests the turbulence will be weaker. This will increase the time lag since 
turbulence is what carries the sand from the bed to the height at which entrainment is measured. 
Ramaprian and Tu (1 982) have investigated the propagation time of turbulence for unsteady pipe 
flows and have found that propagation time is a function of distance from the bed, pipe radius (or 
hydraulic radius), and shear velocity. They show that the propagation time for a pipe with a 
smooth fixed wall is inversely related to the magnitude of the average shear velocity. For the 
120 pm sand flows the shear velocity is significantly lower than for the 580 pm sand flows. 
Consequently, the propagation time will be larger. The time lag is probably dependent on both 
the particle size and the flow magnitude. The time lag is dependent on the level of turbulence 
fluctuations, and both the roughness of the bed and the flow magnitude affect the turbulence 
levels. 
It was found that the predictions of phase lag given by Figure 6.5 could be improved further 
if A, was modified using the particle Reynolds number, allowing the size of the particle to be 
taken into account as well as the unsteadiness of the bed shear stress. Rather than plotting the 
phase lag of near-bed concentration as a h c t i o n  of just A,, it was plotted as a function of 
%,"'A,. The optimum value of m was found to be -1.6, and the resulting curve fit is shown in 
Figure 6.6. 
The amount of time that it takes for suspended sediment to be carried from near the bed to 
another point further from the bed is a function of the level of turbulence. Consequently, the 
wave Reynolds number might be a good indicator of the propagation time of the suspended 
sediment. As shown by Figure 6.7, slopes of the phase lag versus elevation curves shown in 
Figure 6.4 are a function of %,"Re,, and the optimum value of n was found to be -0.29. The 
slopes are given in degrees per unit elevation since the abscissa in Figure 6.4 is dimensionless. If 
the effect of %, was ignored, the data points given in Figure 6.7 for the 120 pm sand and the 580 
pm sand would not fall on the same curve, although the slopes of the two curves would be the 
same. The size of the sand continues to play an important role once the sediment is suspended. 
The slope of the phase lag profile for the 580 pm sand is much higher than for the 120 pm sand 
for the same Reynolds number. For similar flow conditions the 120 pm sand is transported much 
more rapidly from the location of entrainment to the outer flow. 
Figure 6.6 Phase lag of near-bed concentration as a function o fR ,  -1.6A,. 
Figure 6.7 Slope of the phase lag profiles shown in Figure 6 given as a function of wave 

Reynolds number and particle Reynolds number. 

In Figure 6.8, measured phase lags of peak concentration are compared with phase lags 
predicted using the results shown in Figures 6.6 and 6.7. The predicted and measured ($) 
phase lags for each test are divided by the phase lag measured for the test at q = 0.42 ($,). This 
method is followed so that the results from all of the tests can be compared on one graph. Figure 
6.8 demonstrates that the arrival time of the peak sediment concentration can be predicted fairly 
well, both near the bed and in the outer flow. 
$14, (measured) 
Figure 6.8 Comparison of measured andpredictedphase lags ofpeak concentration 
6.1.2 Phase Lags of Peak Entrainment Measurements 
Figure 6.9 shows the phase lag of peak entrainment as a function of the dimensionless 
acceleration of the flow and the particle Reynolds number. Phase lags of the peak near-bed 
concentration are shown in the same diagram for comparison. The data plotted in Figure 6.9 
indicates that at low accelerations the phase lag of the entrainment is similar to the phase lag of 
the near-bed concentration. This is expected since the entrainment and near-bed concentration 
are the same for quasi-steady flows. As acceleration increases, however, the importance of the 
volumetric flux term increases, and for very high accelerations, the phase lag of the entrainment 
is primarily dependent on the phase lag of the volumetric flux term. For very high accelerations, 
the amount of sediment within the control volume may be changing rapidly even though the 
near-bed concentration may never get very large. The time at which the peak entrainment occurs 
in each of the tests is not precise beak concentrations, on the other hand, were well defined), and 
126 
estimates of the uncertainty associated with each peak entrainment phase lag measurement are 
also shown in Figure 6.9. In general, the phase lag uncertainty estimates increase with 
acceleration; uncertainty of what the time lag is does not change very much, so decreases in 
pulse duration lead to increases in phase lag uncertainty (since phase lag equals time lag divided 
by pulse duration). Some of the entrainment time series were asymmetric, and the measured 
phase lag of the peak entrainment does not necessarily lie at the center of the range of 
uncertainty. 
kp-l. 6 ~ w  
-1.6Figure 6.9 Phase lag of entrainment and near-bed concentration as afunction of R, A,v 
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The data shown in Figure 6.9 may not be accurate enough to provide a definitive relation 
between the phase lag of entrainment and the shear stress acceleration and particle size, but a 
parabola was f i t  to the phase lag measurements so that comparisons between predicted and 
measured entrainments could be made. Using the curve fit shown in Figure 6.9 the entrainment 
phase lags were predicted for each of the tests given in Table 6.3. Figure 6.10 shows the 
predicted and measured entrainment time series of each of the pulse tests with the phase lag of 
entrainment taken into account. Comparison of the results shown in Figures 6.3 and 6.10 
demonstrate that correcting for the phase lag of the entrainment improves predictions 
considerably. 
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Figure 6.10 Time se~ies  	howing measured andpredicted enbainhent afler time lags have been 
introduced to improve entrainment predictions 
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6.5. Discussion and Analysis 
In Section 6.3 the dimensionless shear velocity acceleration, A,, was introduced for 
prediction of the phase lag of near-bed concentration and entrainment. Dimensional analysis 
provides some justification for the use of this parameter. A dimensional analysis performed by 
Garcia and Parker (1991) showed that entrainment was dependent on the parameters given by 
/ \ 
Where H is the flow depth and u, is the mean shear velocity due to skin friction. For most 
natural sediment R equals 1.65 and is considered a constant. In addition, Garcia and P-arker 
found that the relative roughness (D,/H) does not appear to affect entrainment significantly. 
Thus: Equation 6.3 can be rewritten 
For unsteady pulse flows the phase lag of the entrainment is dependent on similar variables. 
However. for pulse flows u, varies with time, and the phase lag appears to be dependent on the 
distribution of shear velocity over the entire pulse. Consequently, ti, is used instead of u, for 
predicting the phase lag of entrainment in pulse flows. Furthermore, the pulse duration, T, is 
introduced to represent the unsteadiness of the pulse flow. The resulting function is given as 
/ \ 
Where E,represents the phase lag of the entrainment, and T has been made dimensionless using 
the variables g. R. D,.and v. Taking the ratio of the first and third terms given on the right hand 
side of Equ ; l r i~nr)  i !ields 
-
Which differs from the dimensionless shear velocity acceleration by a constant. Then Equation 
6.5 can be rewritten as 
which explains the good collapse observed for the phase lag when plotted as a function of the 
product KpmA,. 
In Section 6.4.1 the ratio of the viscous sublayer thickness to the sediment size was cited as 
a possible reason for differences in the time lags of the 120 and 580 pm sand. This possibility 
can be further explored by assuming that for the flows of interest the development of the viscous 
sublayer is quasi-steady so that the thickness of the viscous sublayer, 6, can be defined as 
If the sand diameter is larger than the sublayer thickness, the sand protrudes out of the sublayer. 
Consequently, the sand will protrude out of the viscous sublayer if 
Equation 6.9 can be modified to show that protrusion of the sand grains occurs if 
The quantity on the left hand side of Equation 6.10 is the dimensionless Shields stress. 
Implications of Equation 6.10 are demonstrated in Figure 6.1 1 a and b. In Figure 6.1 1, 120 pm 
and 580 pm sand beds are subjected to the same shear stress pulse (shown in Figure 6.1 la). In 
Figure 6.1 1b, Shields stress is given as a function of time for both sand sizes, and the protrusion- 
immersion boundaries defined by Equation 6.10 are also shown. Though the 580 pm sand 
protrudes through the viscous sublayer for a majority of the pulse duration, the 120 pm sand is 
immersed within the sublayer throughout the pulse. If the sand is immersed within the viscous 
sublayer it can still be entrained. However, the larger the ratio of the sand diameter to the 
viscous sublayer thickness, the more easily the sand is entrained. 
The shear stress pulse used to develop Figure 6.1 1b is also used to compare the roughness 
parameters (k;) for each of the sediment sizes. 120 pm and 580 pm sand beds subjected to the 
pulse have the roughness parameter time series shown in Figure 6.11c. The roughness 
pzameters kj'  = 5 and k.' = 70  indicate the boundaries between the smooth, transitionally rough: 
and rough regimes and are also shown in the figure. While the 120 pm sand bed can be 
considered smooth for the entire test, the 580 pm sand bed is transitionally rough for most of the 
test. The two influences of sand grain diameter demonstrated in Figure 6.11 both produce a 
larger phase lag for smaller particles. 
for Rep= 5-3 
for Rep= 56 
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Figure 6.11 (a) Shear stress time series imposed on sand bed. @) Corresponding Shields stress 
time series and (c) roughnessparameter time series for 120 pm and 580 pm sand beds. 
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7 .  APPLICATION OF ENTRAINMENT FUNCTION TO ENTRAINMENT 

BENEATH A BARGE TOW 
7.1 Introduction 
In 1997 a series of shear stress measurements were made on the bed beneath a 1 :25 scale 
Froude model of a barge tow (Garcia et al., 1998). The barge tow was five barges long and three 
barges wide. The basin in which the measurements were made has a hydraulically smooth bed 
and is modeled after a straight reach of the Mississippi River. The model basin is located at the 
Waterways Experiment Station of the U.S. Army Corps of Engineers in Vicksburg, Mississippi. 
The spanwise distribution of bed shear stresses beneath the barge tow model was gathered as a 
function of time for eight sets of test conditions; in four sets the tow was upbound (traveling 
against the flow) and in four sets the tow was downbound (traveling with the flow). A complete 
summary of test conditions is given in Table 7.1. 
Table 7.1Summary o f  experimental conditions 
Test Heading H,, (m) H (m) UB(mls) V (rnls) Flume Pumps 
DNA Downbound 4.3 0.17 0.610 0.1 1 Pumps 3 & 4 
DN B Downbound 3.4 0.13 0.450 0.09 Pump 9 
DN C Downbound ( 7.0 1 0.28 1 0.715 1 0.12 1 Pumps 3-6 1 
DN D Downbound 5.6 0.23 0.715 0.1 1 Pumps 5-6, 3-4 41 percent 
UP A Upbound 4.3 0.17 0.305 0.1 1 Pumps 3 & 4 
UP B Upbound 3.4 0.13 0.305 0.09 Pump 9 
UP C U~bound 7.0 0.28 0.420 0.12 Pumps 3-6 
UP D I Upbound 1 5.6 1 0.23 1 0.420 1 0.1 1 / Pumps 5-6, 3-4 41 percent ] 
In Tablc 7.1. Hpris the depth of the prototype river, UBis the velocity of the model boat, and 
V is the strramwisi. velocity of the model river. H is the depth of the model river at the test 
section. Near the center of the river (where the test section is located) the depth is relatively 
uniform. In this chapter the shear stress distributions gathered in Vicksburg are used along with 
the entrainmcni luncrion to compute the amount of sediment entrained by the passage of a barge 
tow. 
7.2 Model Shear Stress Distributions 
Bed shear stress measurements were taken at six spanwise locations for each of the tests 
shown in  Table 7.1. Only three sensors were available for measuring the six distributions so two 
barge alignments were necessary for each of the tests. The first alignment produced . . 
measurements at -1.3, 11.4, and 24.1 cm from the barge centerline, and the second alignment 
produced measurements at 5.1, 17.8, and 30.5 cm from the barge centerline. Each alignment had 
six realizations, and realizations were ensemble averaged to get a mean shear stress distribution 
at each spanwise location. The spanwise locations at which ensemble averaged shear stress 
distributions were measured are shown in Figures 7.1 and 7.2. The shear stress probes used to 
gather the data are one-dimensional and only give the shear stress in the streamwise direction. 
The probes are the same ones used for the laboratory work described earlier in the thesis. 
[Tow Boat 
Figure 7.2 Plnr~13iew of shear stress measurement locations. Shear stress was measured along 
lines 1 - 6for  011 ofthe tests. Shear stress was also measured along lines 7 and 8 for  Test UP D. 
Positions 1 through 8 correspond to -1.3, 5.1, 11.4, 1 7.8, 24.1, 30.5, 43.2, and 55.9 cm from the 
barge centerline, respectively. 
Shear stresses were measured on one side of the barge tow centerline only. This was done 
under the assumption that the shear stress distribution can be mirrored over the tow centerline. 
The sensor reading taken at 1 1.4 cm from the centerline is located directly under the axis of one 
of the propellers. The last upbound test contains one additional set of shear stresses at distances 
of 30.5,43.2, and 55.9 cm from the tow centerline. The sensors are always located 10.2, 22.9, 
and 3 5.6 cm from the thalweg of the river model; only the boat alignment is changed to get the 
spanwise shear stress distribution described above. 
Figure 7.3 shows the time varying, spanwise shear stress distribution induced by a passing 
barge tow model for the conditions defined by Test DN A. The peak shear stresses induced by 
the bow and the propellers are indicated in the figure. The test start time is arbitrary, but the six 
realizations gathered for each spanwise position have been aligned and ensemble averaged. 
Bow wave Propellers 
J J 
30.5 cm 
0 r 
50 60 70 80 90 100 
Time (s) 
Figure 7.3 Ensemble averaged shear stress distributions beneath a 1:25 scale model o f a  barge 
tow. Distance of measurementsfrom tow centerline are given on the right side of the figure 
Distributions similar to the one shown in Figure 7.3 were gathered for all of the eight sets of 
test conditions shown in Table 7.1. A complete description of the shear stress measurements 
gathered in Vicksburg is given by Garcia et al. (1998). Garcia et al. (1998) give spanwise shear 
stress distributions for all eight tests. A dimensionless form of the bow wave is also given along 
with a detailed example of entrainment computations. The entrainment computations given by 
Garcia et al. (1998) utilize probability density functions to compute the entrainment. A 
deterministic method is used in the following section to compute entrainment with the relations 
presented in Chapter 5. 
7.3 Entrainment Computations Beneath a Prototype Barge Tow 
The shear stress distributions gathered in Vicksburg can be used with the entrainment 
relation developed in Chapter 5 to estimate the amount of sediment entrained by a passing barge 
tow. Entrainment can be calculated by scaling up bed shear stresses to prototype levels, making 
some assumptions about locations outside the area where shear stress measurements were taken, 
and applying the Garcia-Parker entrainment relation. 
Prototype conditions are shown in Table 7.2 for the bow wave. Parameters shown in Table 
7.2 include the peak shear stress of the bow wave (T,~), the acceleration of shear stress that 
occurs upon arrival of the bow, and the deceleration of shear stress that occurs after the bow 
passes. 
Tuble 7.2 Calculated shear stress resultsfor prototype bow wave 
Test rPk Acceleration Deceleration 
(Pa) dtb/dt (Pds) dsb/dt (Pals) 
DN A 5.3 3.8 2.5 
DN B 6.1 4.1 2.7 
DN C 2.2 1.1 0.8 
DN D 3.4 2.1 1.4 
UP A 10.7 3.8 2.3 
It is not possible to reproduce all of the test conditions shown in Table 7.2 in the existing 
resuspension flume. The highest accelerations and peak shear stresses can not be simulated 
because of water hammer constraints and limitations of the instrumentation. For instance, 
experiments with shear stresses on the order of 10 Pa are not practical; this is because the high 
sediment concentrations associated with shear stresses of this magnitude are too high to be 
measured by the concentration profiler. 
Test conditions that were simulated are shown in Table 7.3. The periods given for some of 
the tests are approximate since the tests are asymmetric. Consequently, estimated shear stress 
accelerations are also approximate. The maximum instantaneous shear stress accelerations that 
occur in the resuspension flume are often higher than those given in Table 7.3. Average 
accelerations and decelerations of about 2.5 Pa/s are possible in the test facility, and peak shear 
stresses of 5 Pa have been investigated for the 0.5 mrn sand. Consequently, the test conditions 
obsenred in the resuspension flume are representative of several prototype conditions, -and the 
Garcia-Parker relation has been verified by the resuspension flume experiments given in Chapter 
5 for a significant subset of the barge-tow bed shear stress conditions. Note that some of the 
shear stress conditions observed at the stem are significantly more severe than the conditions 
observed at the bo~v. Stern conditions are given in Garcia et al. (1998). 
Table 7.3 Experimental unsteady 
" d 
flow tests 
Test I Sand diam. I Period I T,, I dzb/dt 
In ordcr to cornputc the entrainment of sediment induced by the passage of a barge tow a 
couple ot~assun~ptions erd to be made. The first assumption is that the bow shear stress drops 
to zero outside. of thr edge of the barge. Experiments show that the bow shear stress footprint is 
nearly constant across the front of the barge, and some additional experiments show that the 
shear stress rapidly drops to zero outside of the path of the barge. A second assumption is that 
the outermost shear stress measurement can be used to represent the stern shear stress from the 
location of the measurement to the outer edge of the barge, and outside the edge of the barge the 
stern shear stress is zero. The error incurred by this assumption does not appear to be too large 
-- 
- - 
since most of the entrainment occurs along the propeller axis. However, for tests like the one 
shown in Figure 7.3 it is difficult to tell where the stem shear stress dies out. 
Total entrainment per unit length of river for a prototype barge tow was computed for the 
eight sets of test conditions given in Table 7.2. The amount of sediment entrained for each of the 
tests is shown in Table 7.4. As previously discussed, the entrainment function could not be 
verified for all of the test conditions, and some degree of extrapolation is necessary. Two 
calculations are shown for the 120 pm sand: one using the Garcia-Parker relation, and one using 
the unsteady forrn of the Garcia-Parker relation that was developed in Chapter 5.  
As expected the amount of 580 pm sand entrained is significantly less than the amount of 
120 pm sand entrained for the same test conditions. The amount of entrainment computed using 
Equation 5.7 is slightly more than the amount of entrainment computed using the Garcia-Parker 
rn lot ;nr \  LPPQIICP r n n t ; n ~ ~ ~ ~  nf t i m ~2ft~rthe flnw der.eler~te~~ n t r 9 ; n r n ~ m t  fnr 2 n ~ r i n d  
I b L U L L V I L  U u U U U i ) U  UIALLLIIILLILVLLL V v r l r A A A u v u  r w r  u y u ~ ~ w u b r r ~ r - u i r - r ~  .w &  n r - LA-
t 7.4 Entrainment computations for 120 Dm and 580 Dm diamete sand 
Total Sediment Entrained (m3/m) 
Garcia-Parker Garcia-Parker Unsteady G-P 
Test 580 pm sand 120 pm sand 120 pm sand 
DN A 1.08 1.43 1.60 
DN B 3.04 3.15 3.39 
D N C  I 0.07 I 0.27 I 0.28 

Figure 7.4 shows entrainment as a function of time along the propeller axis of Test DN D. 
The entrainment has been computed for prototype conditions. Figure 7.4 shows little difference 
between the calculations made with the Garcia-Parker relation and Equation 5.7. The 
contribution of the quasisteady part of the shear stress footprint to the entrainment calculation is 
significantly greater than any unsteady shear stress contributions. A larger portion of the 
entrainment occurs in the propeller wake for most of the tests, and the deceleration of shear 
stress that is observed in the propeller wake is not rapid enough for the use of Equation 5.7 to 
cause a significant difference in overall entrainment calculations. However, instantaneous 
entrainment calculations are different for the two equations, andEquation 5.7 tends to smooth 
out fluctuations that are present when the Garcia-Parker relation is used. 
-Unsteady G-P 
250 300 350 
Prototype time (s) 
Figure 7.4Entrainment of120 pm sand along the propeller axis as a function of time for Test 
DA; D. E~D-ainmenthas been computed using both the Garcia-Parker relation and the unsteady 
form of the Garcia-Parker relation. 
The calculations given in Table 7.4 can be converted to entrainment per unit time by 
multiplying the entrainment per unit length of river by the boat velocity (length of river per unit 
time). This calculation has been made for all of the tests, and the results are given in Table 7.5. 
Table 7.5 Entrai qmentfZux compu 'ations for 120 um and 580 Dm diameter sand 
Total 3edunent Entrained (m3/s) 
Garcia-Parker Garcia-Parker I Unsteady G-P 
580 pm sand 
I D N C  

I D N D  

I U P A  

I U P B  

The amount of sediment entrained by the passage of a barge tow is quite large as indicated 
by the results given in Table 7.5. However, it must be noted that the amount of sediment 
entrained is not all kept in suspension. Much of the sediment that makes it into the water column 
settles back to the bed after the passage of the barge tow. This is especially true of the 580 pm 
sediment which has a large fall velocity. Detailed computations of the subsequent transport of 
the entrained sediment are necessary to determine how far the sediment will travel before it is 
redeposited. 
7.4 Sediment Response Beneath a Prototype Barge Tow 
As shown in Chapter 6, the sediment on the bed will not respond instantaneously to the 
shear stress pulse induced by a passing barge tow. The shear stress pulses described in Chapters 
5 and 6 are similar to those observed beneath the bow in the barge tow experiments. The 
dimensionless accelerations observed beneath the bow for each of the barge tow experfments 
(converted to prototype values) are shown in Table 7.6 for both the 120 pm and 580 pm sand. 
The parameter used to determine phase lags and the estimated time lag of near-bed concentration 
are also shown for both sediment sizes. 
Tuble 7.6 Dimensionless acceleration and time lag beneath bow ofprototype barge tow 
Pulse A w  Aw A~R, , - '~  A,R&'.~ Time lag of near-bed 
-
U, duration 120 pm 580 pm 120 pm 580 pm concentration (s) 
Test (m /~ )  (s) sand sand sand sand 120 pm 580 pm 
DN A 0.036 3.51 4.8-lo4 4.6-10-~ 3.4-lo-' 7.2.10-~ 1.27 0.08 
The near-bed concentration of the 120 pm sand has a significant time lag associated with it. 
The time lag of the near-bed concentration is not so large for the 580 pm sand. Depending on 
the time varying velocity distribution above the bed, the time lag could play a significant role in 
determining the redistribution of sediment beneath the bow. However, the majority of sediment 
entrained beneath the barge tow is entrained at the stem of the vessel. For most of the barge tow 
experiments the stem shear stress distribution consisted of a rapid increase in bed shear stress 
followed by a long, slow decrease in the shear stress. It is during the long, slow decline in shear 
stress that most of the entrainment occurs, and time lag is unimportant in this region. 
8. CONCLUSIONS 

In the experimental resuspension flume, large turbulence structures were observed to play a 
primary role in the transport of sediment from the bed to the outer boundary layer, especially for 
the coarse sediment which can not follow higher frequency fluctuations. The turbulence 
structures travel with the mean velocity of the flow, and as a result the suspended sediment 
travels a lot more rapidly in the horizontal direction than in the vertical direction. Consequently, 
there is a time lag between entrainment of the sediment and the concentration measured at a 
particular level above the bed. The time lag depends on the size of the sediment, the distance 
above the bed, and flow characteristics. Of course, the sediment observed at a distance above the 
bed is entrained somewhere upstream of the location of measurement. The concentration 
observed thus depends on entrainment that occurs at an earlier time and in a different location. If 
conditions are unsteady, the time of the entrainment can become important. 
An additional time lag was associated with the difficulty of lifting the sediment off of the 
bed. Fine sediment, which is more thoroughly immersed within the viscous sublayer, has a 
longer time lag between shear stress and entrainment than the coarser sediment. The longer time 
lag is linked with two factors. First, turbulence structures have to penetrate further into the 
viscous sublayer in order to lift the sediment. And second, the turbulence structures that were 
present during the finer sediment tests were weaker. Constraints on the concentration 
measurement device did not allow us to do comparisons of the time lag of the two sediment sizes 
for similar flows and similar levels of turbulence. 
The entrainment appeared to be well correlated to the bed shear stress, and the Garcia- 
Parker relation worked well for predicting entrainment, even for the highly unsteady flows. In 
some of the unsteady flow cases, use of a time lag was necessary to properly predict the 
entrainment. The size of the time lag necessary was a function of the level of unsteadiness and 
the size of the sediment. A form of the Garcia-Parker relation was also developed that took the 
history of the bed shear stress into account. The new relation provides a correction for highly 
unsteady flows that accounts for entrainment that occurs due to residual turbulence after the bed 
shear stress drops to zero. 
Measurements of bed shear stress beneath a model barge tow demonstrated that in most 
cases a majority of sediment entrainment will occur in the stem region of the tow. In the stem 
region the shear stress does not vary as much with time as in the bow region. The Garcia-Parker 
function should provide good results in this region, and time lags associated with highly 
unsteady flows are not important. Consequently, when the history function was used to calculate 
the total amount of sediment entrained by a barge tow, the results did not differ substantially 
from when the unmodified version of the Garcia-Parker relation was used. 
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